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“Man is the most insane species. He worships an invisible God and destroys a visible 
Nature. Unaware that this Nature he’s destroying is this God he’s worshiping.” 
Hubert Reeves 
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Abstract 
 
Given the pivotal role of Arctic sea ice in the global climate system, its excessive loss over 
the last decades is highly concerning. According to common climate models, an ice-free 
Arctic Ocean during summer may be reached by the middle of the century. While these 
profound changes are clearly visibly in the Arctic realm, the far-reaching consequences 
remain a matter of speculation. As the reliability of model simulations depends on their data 
base, the acquisition of comprehensive knowledge about past variation of Arctic sea ice 
cover is absolutely crucial. An ideal study area in this regard is the Fram Strait reflecting 
changes in the highly dynamic marginal ice zone of the Arctic Ocean. Therefore, the primary 
objective of this thesis was the reconstruction of sea ice variability in the Fram Strait 
throughout glacial-interglacial transitions of the Late Quaternary. For this purpose, analyses 
of molecular biomarkers were carried out on eight sediment cores along the western and 
northern Svalbard Shelf (PS93/006-1, PS92/039-2), the East Greenland Shelf (PS93/016-6, 
PS93/031-4) as well as the central Arctic Ocean (PS87/023-1, PS87/030-1, PS87/070-1, 
PS87/079-1). These records provided valid insights into the Arctic paleoenvironment since 
Marine Isotope Stage 11. In order to reconstruct past sea ice cover, the sea ice proxy IP25 was 
applied in combination with the related phytoplankton-IP25 sea ice index PIP25. Further 
specific biomarkers were used to reflect the sea surface temperatures (glycerol dialkyl 
glycerol tetraethers), the marine production (brassicasterol, dinosterol, tri-unsaturated 
highly-branched isoprenoids) and the input of terrigenous material (campesterol, β-
sitosterol). 
The first study focused on the variation of sea ice at the eastern Yermak Plateau north of 
Svalbard (Core PS92/039-2) since MIS 6 (~160 ka). Here, the activity of the Svalbard 
Barents Sea Ice Sheet had a major impact on the sea ice cover. During intervals of ice sheet 
advance onto the continental shelf (MIS 6, MIS 5d - 5b, MIS 4, MIS 2), the Yermak Plateau 
was predominated by marginal sea ice conditions. Under the influence of katabatic winds 
blowing from the extended ice sheet and the upwelling of relatively warm Atlantic Water 
along its shelf break, wide polynyas may have formed north of Svalbard that triggered the 
establishment of a stationary ice margin above the Yermak Plateau. The Penultimate Glacial 
Maximum (~140 ka) experienced the formation of a perennial sea ice cover or a short-term 
advance of the ice sheet onto the plateau. The transition to interglacial stages, including the 
Last Interglacial (MIS 5e, ~123 ka) and the Holocene (MIS 1, 11 ka - present), was 
associated with a shift to extended, however variable sea ice conditions at the Yermak 
Plateau. Most probably, the sea ice margin followed the southward migration of the Svalbard 
Barents Sea Ice Sheet as the coastal polynya in front of it formed back. The repeated waxing 
and waning of the ice sheet, especially during MIS 6, triggered an enhanced input of 
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glacially eroded terrigenous material along the continental margin of northern Svalbard. The 
high suspension of fine-grained material facilitated the downdrawal of marine organic matter 
due to aggregate formation.  
In a second study, the observations north of Svalbard were supplemented by reconstructions 
of the sea ice variability at the western Svalbard margin (Core PS93/006-1, ~190 ka). The 
comparison of both core sites revealed an opposing trend of glacial and interglacial sea ice 
conditions that highlights the regional impact of various environmental forces in the eastern 
Fram Strait. Along western Svalbard, glacial intervals were characterised by an extended 
seasonal sea ice cover probably due to the persistent, yet reduced, inflow of Atlantic Water. 
Indications for perennial sea ice conditions were associated with absolute insolation minima 
during early MIS 6, the Penultimate Glacial Maximum, the interstadial MIS 5d, MIS 4 and 
the Last Glacial Maximum. During interglacials (MIS 5, MIS 3, MIS 1) the western 
continental margin of Svalbard experienced a reduced sea ice cover with more frequent 
summer melt. The comparatively extended sea ice conditions during the peak interglacial 
MIS 5e implied a strong dominance of polar water masses that possibly repressed the inflow 
of warm Atlantic Water. 
The third study comprises sea ice reconstructions from the central Arctic Ocean and the 
northeastern continental margin of Greenland. These outcomes suggested a prevalence of 
perennial sea ice at the Siberian part of the Lomonosov Ridge (PS87/070-1, PS87/079-1) 
since MIS 6 and at the Greenland side (PS87/023-1, PS87/030-1) since MIS 12. Likewise 
extended sea ice conditions predominated the northeastern Greenland margin at 82°N (Core 
PS93/016-6). Underlying the constant outflow of cold polar freshwater, this region was 
subject to a permanent sea ice cover regardless of the prevailing climate stage. Further south 
along the East Greenland margin (Core PS93/031-4, 79°N), distinct sea ice variations could 
be tied to major glacial-interglacial transitions since MIS 11 (~400 ka). According to a 
preliminary stratigraphy, intervals of extended glaciation (MIS 12, MIS 10, MIS 8, MIS 5d – 
5b, MIS 4) were characterised by the establishment of marginal sea ice conditions at the 
outer shelf. Comparable to the eastern Yermak Plateau, the formation of open-water areas in 
the otherwise ice-infested ocean might have been triggered by the expansion of the 
Greenland Ice Sheet. The glacials MIS 6 and MIS 2 showed evidence for a permanent sea 
ice cover or an advance of the ice sheet onto the outer continental shelf area. Interglacial 
stages experienced most severe sea ice conditions at the East Greenland margin, probably 
caused by the enormous drainage of glacial meltwater from the interior Arctic. In accordance 
to the observations in the eastern Fram Strait, even the peak interglacials MIS 11 and MIS 5e 
were predominated by severe sea ice conditions. The thick layer of polar freshwater might 
have hampered the northward penetration of warm Atlantic Water. 
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Zusammenfassung 
 
Wegen seiner zentralen Rolle im globalen Klimasystem gibt der gewaltige Verlust von 
Arktischem Meereis in den letzten Jahrzehnten Anlass zur Beunruhigung. Laut gängiger 
Klimamodelle könnte ein eisfreier Arktischer Ozean ein reales Szenario für die 
Sommermonate Mitte des Jahrhunderts sein. Während diese Veränderungen nur zu deutlich 
im Arktischen Raum zu beobachten sind, lässt sich über die weitreichenden Konsequenzen 
nur spekulieren. Die Aneignung umfassenden Wissens bezüglich früherer Schwankungen 
der Meereisverteilung ist daher essentiell um die Zuverlässigkeit von Modellsimulationen zu 
erhöhen. Ein ideales Untersuchungsgebiet für dieses Unterfangen stellt die Framstraße dar, 
da diese die hochdynamischen Eisrandbereiche des Arktischen Ozeans umfasst. Aus diesem 
Grund bestand das vorrangige Ziel dieser Dissertation darin, die Variabilität des Meereises 
in der Framstraße im Verlauf von Glazial-Interglazial-Wechseln des Spätquartärs zu 
untersuchen. Dafür wurden Analysen organischer Biomarker an acht Sedimentkernen 
entlang des westlichen und nördlichen Svalbardschelfs (PS93/006-1, PS92/039-2), des 
Ostgrönlandschelfs (PS93/016-6, PS93/031-4) und der zentralen Arktis (PS87/023-1, 
PS87/030-1, PS87/070-1, PS87/079-1) durchgeführt. Somit konnten wichtige Einblicke in 
die Paläoumweltbedingungen der Arktis seit dem Marinen Isotopenstadium 11 gewonnen 
werden. Die frühere Meereisbedeckung wurde hierbei mittels des Meereisproxys IP25 und 
des daraus abgeleiteten Phytoplankton-IP25 Indexes PIP25 rekonstruiert. Weitere Biomarker 
gaben Aufschluss über Oberflächenwassertemperaturen (Glycerol Dialkyl Glycerol 
Tetraether), die marine Produktion (Brassicasterol, Dinosterol, dreifach ungesättigte, 
hochverzweigte Isoprenoide) sowie den Eintrag terrigenen Materials (campesterol, β-
sitosterol). 
In einer ersten Studie wurde die Meereisvariation am östlichen Yermak Plateau nördlich von 
Svalbard (Kern PS92/039-2) seit dem MIS 6 untersucht (~160 ka). In diesem Bereich hatte 
die Aktivität des Svalbard-Barentssee-Eisschildes einen starken Einfluss auf die 
Meereisverteilung. Zu Zeiten in denen das Eisschild bis auf den kontinentalen Schelf 
ausgebreitet war (MIS 6, MIS 5d - 5b, MIS 4, MIS 2), kam es am Yermak Plateau zur 
Ausbildung einer stabilen Eisrandlage. Es ist anzunehmen, dass der Einfluss ablandiger 
Winde und der Auftrieb relativ warmen Atlantischen Wassers entlang der Schelfkante die 
Entstehung weiter Polynyas nördlich von Svalbard begünstigte. Während des vorletzten 
glazialen Maximums (~140 ka) kam es zu einer kurzfristigen Ausbreitung einer ganzjährigen 
Eisdecke oder alternativ zur vorübergehenden Bedeckung des Yermak Plateaus mit dem 
Eisschild. Der Übergang zu den Interglazialen, wie dem letzten Interglazial (MIS 5e, ~123 
ka) und dem Holozän (MIS 1, 11 ka - heute), war geprägt durch einen Wechsel zu einer 
starken, jedoch variierenden, Meereisbedeckung am Yermak Plateau. Voraussichtlich folgte 
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der Eisrand dem sich zurückziehenden Svalbard-Barentssee-Eisschildes in südlicher 
Richtung als sich die vorgelagerte Küstenpolynya zurückbildete. Der wiederholte Vor- und 
Rückstoß des Eisschildes verursachte besonders im MIS 6 einen verstärkten Eintrag von 
glazial erodiertem, terrigenen Material entlang des nördlichen Kontinentalhangs von 
Svalbard. Die hohen Mengen dieser feinkörnigen Schwebeteilchen im Wasser begünstigen 
zudem das Absinken marin produzierten Materials durch Aggregatbildung. 
In einer zweiten Studie wurden die Beobachtungen nördlich von Svalbard durch 
Rekonstruktionen des Meereises am westlichen Kontinentalhang (PS93/006-1, ~190 ka) 
ergänzt. Der Vergleich beider Kernlokationen ergab ein gegenläufiges Muster der 
Meereisbedingungen während der Glazial- und Interglazialstadien, was den lokal recht 
unterschiedlichen Einfluss der vorherrschenden Umwelteinflüsse hervorhebt. Somit waren 
Glaziale entlang des westlichen Kontinentalhangs von Svalbard von einer ausgedehnten 
saisonalen Meereisbedeckung geprägt, die höchstwahrscheinlich durch den steten, wenn 
auch abgeschwächten, Einstrom warmen Atlantikwassers verursacht wurde. Eine 
permanente Eisdecke bildete sich zu Zeiten geringster Sonneneinstrahlung im frühen MIS 6, 
während des vorletzten glazialen Maximums, des Interstadials MIS 5d, MIS 4 und des 
letzten glazialen Maximums aus. Während der Interglaziale (MIS 5, MIS 3, MIS 1) konnte 
hingegen eine verringerte Eisbedeckung mit regelmäßigeren Sommerschmelzen am 
westliche Kontinentalhang Svalbards beobachtet werden. Die vergleichsweise ausgedehnte 
saisonale Eisbedeckung während des Peak-Interglazials MIS 5e deutet auf eine starke 
Dominanz polarer Wassermassen hin, die möglicherweise den Einstrom von Atlantischem 
Wasser behinderten. 
Eine dritte Studie hat sich mit Meereisrekonstruktionen aus der zentralen Arktis sowie des 
nordöstlichen Kontinentalhangs von Grönland befasst. Die hier erbrachten Ergebnisse lassen 
eine permanente Eisbedeckung auf der Sibirischen Seite des Lomonosov-Rückens seit dem 
MIS 6 (PS87/070-1, PS87/079-1) und auf der Grönlandseite seit dem MIS 12 (PS87/023-1, 
PS87/030-1) vermuten. Eine ebenso ausgeprägte Eisdecke konnte an der nordöstlichen 
Grönlandschelfkante bei 82°N (Kern PS93/016-6) beobachtet werden. Ungeachtet des 
vorherrschenden Klimastadiums sorgte der kontinuierliche Ausstrom kalter, polarer 
Wassermassen an dieser Stelle vermutlich für eine permanente Eisbedeckung. Der 
Ostgrönlandhang weiter südlich (Kern PS93/031-4, 79°N) zeigte deutliche Schwankungen 
der Meereisbedeckung, die auf die wechselnden Glazial-Interglazial Stadien seit dem MIS 
11 (~400 ka) zurückzuführen sind. Basierend auf einer vorläufigen Stratigraphie waren 
Intervalle von verstärkter Vereisung Grönlands (MIS 12, MIS 10, MIS 8, MIS 5d – 5b, MIS 
4) durch die Ausbildung einer Eislandlage am äußeren Schelf geprägt. Vergleichbar mit dem 
Yermak Plateau ist hierbei die Entstehung weiter Polynyaflächen unmittelbar vor dem 
Grönlandeisschild anzunehmen. Während der Glaziale MIS 6 und MIS 2 waren hingegen 
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Anzeichen einer permanenten Eisbedeckung oder der Bedeckung des äußeren Schelfs durch 
das Grönland-Eisschild erkennbar. Interglaziale waren durch eine starke Eisbedeckung am 
Ostgrönlandschelf geprägt, die wahrscheinlich durch den enormen Export von glazialem 
Schmelzwasser aus der zentralen Arktis begünstigt wurde. Im Einklang mit den 
Beobachtungen aus der östlichen Framstraße waren auch hier die Peak-Interglaziale (MIS 
11, MIS 5e) durch eine verstärkte Meereisbedeckung beeinflusst. Es ist anzunehmen, dass 
die ausgeprägte Schicht polaren Frischwassers den nordwärtigen Transport von 
Atlantischem Wasser maßgeblich beeinträchtigt hat. 
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1. Introduction 
1.1 Preamble  
 
While fascinating adventurers and scientists for centuries, the remote Arctic Ocean became 
matter of public concern just within the last decade. It is a central issue in the ongoing debate 
about climate change as the high latitudes mirror the global warming trend strongly 
amplified (Miller et al., 2010; Screen and Simmonds, 2010; Serreze and Barry, 2011; Park et 
al., 2018). According to the 5th Assessment Report of the Intergovernmental Panel on 
Climate Change (IPCC), temperatures in the Arctic region rise twice as fast as the global 
mean (Stocker et al., 2013). Decreases in sea ice extent and thickness are expected to 
continue, with some climate models predicting a seasonally ice-free North Pole for the 
middle of the century (Stroeve et al., 2012). This trend is alarming as the Arctic Ocean plays 
a decisive role in maintaining climatic stability worldwide and has the potential to accelerate 
processes once initiated (Hall, 2004; ACIA, 2005; Hwang et al., 2011; Alexeev and Jackson, 
2012).  
Predictably, the economic interest and territorial dispute regarding the Arctic Ocean is rising 
together with the shrinking sea ice cover. The Arctic region is estimated to hold extensive 
amounts of coal, mineral oil and natural gas (Bird et al., 2008; Gautier et al., 2009) and is 
further rich in mineral resources such as nickel, copper ore, gemstones and rare earth 
elements (Piepjohn et al., 2011). The suspected resources might be accessible and lucratively 
minable in the near future. Moreover, the rich fishing grounds in the Arctic and sub-Arctic 
seas are highly promising in the light of the globally observed overfishing problem 
(Christensen et al., 2014). New transportation routes across the Arctic Ocean will enable a 
more efficient connection between Asia, Europe and North America and might be navigable 
within few decades (Smith and Stephenson, 2013).  
However, the Arctic Ocean with its various teleconnections is the least understood oceanic 
system on Earth. Owing to its geographic isolation, harsh weather conditions and sea ice 
cover, the scientific research in the Arctic lags behind other world oceans (Jakobsson et al., 
2012). Even with today’s technological progress enabling space travel, the high Arctic 
Ocean stays difficult to access. The potential risks of economical activities as well as the 
consequences of climate change in the Arctic Ocean are therefore not fully predictable at the 
moment (National Research Council, 2014; Nevalainen et al., 2017). 
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1.2 Arctic Ocean – Modern setting and significance 
1.2.1 Boundary conditions: Physiography and oceanography 
 
Physiography 
 
Positioned in the high north, the Arctic Ocean represents a highly unique environmental 
setting. It is enclosed by the landmasses of the Eurasian and American continents and 
therefore sometimes referred to as the Arctic Mediterranean Sea (Sverdrup et al., 1942). 
Broad continental shelf areas cover about one half of the Arctic Ocean (Fig. 1.1; Jakobsson 
et al., 2012). These comprise the Barents, Kara, Laptev and East Siberian shelves along 
Eurasia, the Chukchi and Beaufort shelves along North America and the Lincoln Shelf off 
northern Greenland. The East Siberian Shelf, reaching widths of up to 1,500 km, represents 
the largest shelf worldwide. The generally shallow mean water depth of the continental shelf 
regions make the Arctic Ocean the shallowest among the world oceans. The deep central 
Arctic Basin (up to 5,500 m water depth) is divided by the Lomonosov Ridge into an 
Eurasian and an Amerasian part. The Amerasian Basin is in turn subdivided by the Alpha-
Mendelejev Ridge into the Canada and Makarov abyssal plains, while the Gakkel Ridge 
subdivides the Eurasian Basin into the Nansen and Amundsen abyssal plains (Fig. 1.1; 
Jakobsson et al., 2012; Jokat and Ickrath, 2015). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1 Bathymetric map of the Arctic Ocean showing its shelf areas, submarine ridges, major basins and 
connections to other oceans. The source map is from Jakobsson et al., 2012 (International Bathymetric Chart of 
the Arctic Ocean, IBCAO). 
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Oceanography 
 
Being nearly landlocked, connections to adjacent oceans are limited to a few gateways. The 
narrow and shallow Bering Strait enables an unidirectional inflow of Pacific surface water 
masses (Takahashi, 2005; Woodgate et al., 2015). Towards the North Atlantic, the Canadian 
Arctic Archipelago and the Barents Sea represent further shallow waterways. The Fram 
Strait between Svalbard and Greenland is the only deepwater connection reaching water 
depths of up to 2,545 m (Fig. 1.1; Fahrbach et al., 2001; Jakobsson et al., 2012; von Appen 
et al., 2015; Haine et al., 2015). Therefore, this passage is crucial for the exchange of water 
masses between the Arctic Ocean and the North Atlantic. 
The hydrographical structure of the Arctic Ocean is characterised by an upper (0 - 200 m), 
an intermediate (200 - 800 m) and a deep water mass (>800 m; Fig. 1.2; Aagaard et al., 
1985; Schlosser et al., 1995; Rudels, 2015).  
Figure 1.2 Simplified oceanographic structure of main water masses in the Arctic Ocean along a transect from the 
Bering Strait across the central Arctic towards the Fram Strait (modified after MacDonald et al., 2004). White 
arrows indicate the exchange of water masses with adjacent oceans. 
 
 
The surface layer is characterised by cold temperatures and low salinities. Owing to the 
weak intensity of solar radiation and the polar night, the sea surface temperatures stay 
persistently around the freezing point. Further characterising for the upper water layer are the 
disproportionate quantities of freshwater fed to the Arctic hydrological cycle (Fig. 1.3). Main 
sources are the inflow of low-salinity Pacific Water through the Bering Strait and the 
massive river discharge that is equivalent to over 11% of the global runoff (Serreze and 
Barry, 2005; Serreze et al., 2006; Carmack et al., 2016). The Siberian rivers Yenisei, Lena 
and Ob provide with over 1,500 km3 annual runoff the largest proportion of freshwater (Dai 
and Trenberth, 2002; Holmes et al., 2015). The circulation of these upper water masses is 
mainly steered by the Beaufort Gyre and the Transpolar Drift. The first describes an 
anticyclonic circulation pattern propelled by a high-pressure system over the Beaufort Sea. 
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The Transpolar Drift streams parallel to the Lomonosov Ridge from the Siberian shelves 
towards Greenland (Fig. 1.3). Here, the major export of polar freshwater from the interior 
Arctic is steered by the East Greenland Current in western Fram Strait (Fig. 1.3; Aagaard 
and Coachman, 1968; Rudels et al., 1999; Schlichtholz and Houssais, 1999; de Steur et al., 
2014; Haine et al., 2015; Smedsrud et al., 2017). 
Figure 1.3 Schematic illustration of the Arctic Ocean showing the surrounding land masses, the riverine input, the 
occurrence of landfast ice and polynyas, the seasonal and perennial sea ice cover (representing the average extent 
of 1981 – 2010; NSIDC, https://nsidc.org, accessed March 2018) and the major surface currents (modified after 
Peterson et al., 2002; Macdonald et al., 2004). Red arrows indicate the inflow of Atlantic Water, blue arrows refer 
to the circulation of polar surface water. NC = Norwegian Current, WSC = West Spitsbergen Current, EGC = 
East Greenland Current. The base map was created with Ocean Data View (Schlitzer, 2015). 
 
 
Below the upper surface layer, the Atlantic layer consists of relatively warm and saline water 
(Fig. 1.2). Atlantic Water flows northward along the Norwegian continental margin as the 
Norwegian Current (Mork, 1981; Mork and Skagseth, 2010; Fig. 1.3). After passing northern 
Norway, the Norwegian Current undergoes a major bifurcation with a substantial fraction 
streaming eastward into the Barents Sea and the other part following the continental margin 
northward as the West Spitsbergen Current (WSC; Aagaard, 1989; Walczowski, 2013). 
Around 80°N, the WSC partly recirculates westward as the Return Atlantic Current (Bourke 
et al. 1988; Marnela et al., 2013; Hattermann et al., 2016), while the main stream enters the 
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Arctic Ocean north of Spitsbergen (Fig. 1.3; Coachman & Aagaard, 1974; Aagaard et al. 
1987). In the Arctic Ocean, the Atlantic Water submerges beneath the cold polar freshwater 
layer at the surface and continues in intermediate depth towards the Siberian shelf regions 
(Fig. 1.3; Rudels et al., 1994, 2015; Fahrbach et al., 2001). The lowermost part of the water 
column is dominated by Arctic deep water of extremely high salinities caused by lateral 
exchange with the Nordic Seas and brine formation on the Arctic shelves (Fig. 1.2; Jones et 
al., 1995; Rudels et al., 2005, 2015). 
 
1.2.2 Sea ice 
 
The most defining feature of the Arctic Ocean is its seasonal to perennial sea ice cover. The 
formation and persistence of sea ice is fundamentally steered by the strong stratification of 
upper water masses caused by pronounced temperature and salinity gradients. Following the 
annual changes of insolation and freshwater discharge, the Arctic sea ice cover is subject to a 
pronounced seasonality (Fig. 1.4; National Snow and Ice Data Center [NSIDC], 
https://nsidc.org, accessed March 2018). New sea ice forms during autumn, preferably in the 
open-water areas on the shallow continental shelves. The Eurasian shelf region is often 
described as the sea ice factory of the Arctic Ocean, since the extensive riverine freshwater 
discharge strongly favours the formation of sea ice (Zakharov, 1966; Reimnitz et al., 1994; 
Shiklomanov and Lammers, 2010). As the water begins to freeze, small ice crystals form 
that float on the sea surface and steadily merge into bigger sheets of ice. Because suspended 
particles are trapped during this process, sea ice represents an important transport agent in 
the Arctic realm (Nürnberg et al., 1994; Pfirman et al., 1995; Reimnitz et al., 1995; Darby et 
al., 2011). Over the winter months, sea ice continues to grow until the maximum extent of 15 
million km2 is reached in March (Fig. 1.4; NSIDC, https://nsidc.org, accessed March 2018). 
The shelf regions are covered by relatively thin landfast ice during this season (Fig. 1.3). 
With the return of sunlight and the subsequently rising temperatures, the sea ice begins to 
melt in late spring. When the absolute minimum is reached in September, around 6 million 
km2 of the Arctic Ocean are covered by sea ice (Fig. 1.4; NSIDC, https://nsidc.org, accessed 
March 2018). The remaining multi-year ice occurs mainly in the central and Canadian Arctic 
where it reaches thicknesses of 8 m. 
Under the influence of the polar surface currents and wind stress, sea ice is in nearly constant 
motion across the Arctic Ocean (Leppäranta, 2011). Sea ice that is trapped within the 
Beaufort Gyre circulates for several years in this anticyclonic structure. The Transpolar Drift 
transports sea ice within one to three years from the Siberian shelves towards Greenland 
(Rigor and Wallace, 2004). In western Fram Strait, sea ice exits the Arctic Ocean and is 
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steered towards the Nordic Seas by the East Greenland Current (Fig. 1.3; Aagaard and 
Coachman, 1968; Schlichtholz and Houssais, 1999; Smedsrud et al., 2017).  
 
Figure 1.4 Satellite-derived sea ice extent of the Arctic Ocean for September 2017 and March 2018 relative to the 
average extent from 1981 – 2010 (NSIDC, https://nsidc.org, accessed March 2018). 
 
 
Due to various external and internal forcing mechanisms, the extent of Arctic sea ice cover is 
subject to a significant natural variability. Besides the seasonal changes, the sea ice 
conditions react sensitively to atmospheric pressure changes on decadal time scales, such as 
the Arctic Oscillation (Thompson and Wallace, 1998; Rigor et al., 2002; Maslanik et al., 
2007a; Kwok et al., 2013). The negative/positive phase of the Arctic Oscillation is associated 
with high/low surface pressure and weak/strong zonal winds over the polar region. A 
negative mode entails a stronger Beaufort Gyre and an enhanced transport of ice from the 
Beaufort Sea westward towards the Siberian coast, thereby promoting the formation of 
thicker sea ice. Correspondingly, a positive mode favours the opposite scenario with rather 
thin sea ice (Rigor et al., 2002; Rigor and Wallace, 2004; Kwok et al., 2013). 
Apart from these natural variations, satellite-derived observations of Arctic sea ice recorded 
an alarming trend of unseen rate in the last decades (Stroeve et al., 2007; Stocker et al., 
2013). The sea ice extent rapidly decreased in all regions of the Arctic Ocean by ~3.8% 
annual mean loss per decade (Parkinson and Cavalieri, 2008; Meier et al., 2014; Comiso et 
al., 2017).  
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The most pronounced decline could be observed for the annual sea ice minimum extent in 
September with over 13% sea ice loss per decade (Fig. 1.5; Comiso et al., 2008; Stroeve et 
al., 2008, 2012).  
 
 
 
 
 
 
 
 
 
Figure 1.5 The annual sea 
ice extent (area of ocean 
with at least 15% sea ice) 
of the Arctic Ocean for 
the last 10 years, 1979 
and the mean extent of 
1981 - 2010 (NSIDC, 
https://nsidc.org, accessed 
March 2018). 
 
Hence, nine of the lowest summer sea ice extensions were recorded within the last ten years 
(Fig. 1.6; NSIDC, https://nsidc.org, accessed March 2018). The (so far) absolute sea ice 
minimum was reached in September 2012 with 3.4 million km2 compared to 6.5 million km2 
in September 1979 when the satellite observations started (Parkinson and Comiso, 2013). 
The trend of the annual sea ice maximum in March is smaller but still decreasing at a 
significant rate (-2.6% per decade; Fig. 1.5). Most recently, the maximum winter extent of 
Arctic sea ice reached a record minimum in March 2018 (NSIDC, https://nsidc.org, accessed 
March 2018).  
Figure 1.6 Anomaly of the Arctic sea ice extent for September from 1979 to 2016 relative to the mean extent of 
1979 – 2007 (NASA's Goddard Space Flight Center, https://nasa.gov, accessed March 2018). 
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This sharp decline of Arctic sea ice is further observed for the sea ice thickness and total 
volume, as recorded by multiple sources (e.g., submarine sonar, airborne electromagnetic 
sensing; Rothrock et al., 2008, Kwok and Rothrock 2009; Laxon et al. 2013; Kwok and 
Cunningham 2015; Lindsay and Schweiger, 2015). Since the 1950s, the average ice 
thickness at the end of the melt season decreased by about 50% (Kwok and Rothrock 2009). 
Old and thick multi-year ice is being replaced by young and thin first-year ice, making the 
sea ice even more prone to upper ocean heating (Kwok, 2007; Maslanik et al., 2007b). The 
Arctic region will continue to warm more rapidly than the global mean, a phenomenon 
called the polar amplification (Screen and Simmonds, 2010; Miller et al., 2010; Serreze and 
Barry, 2011). Hence, a completely ice-free Arctic Ocean during summer might be reached 
by the middle of this century (Fig. 1.7; Stroeve et al., 2012; Overland and Wang, 2013; 
Wang and Overland, 2015).  
 
Figure 1.7 September sea ice extent in the Arctic Ocean projected by different climate models (RCP = 
Representative Concentration Pathways of greenhouse gases in relation to the probable radiative forcing in 2100; 
SRES = Special Report on Emissions Scenarios). The shaded area represents the standard deviation and the black 
line indicates the actual sea ice extent (Stroeve et al., 2007, 2012).  
 
 
Such a development entails disastrous consequences for the Arctic realm. Sea ice represents 
an unique ecosystem providing habitat to specialised species including microorganisms, 
fishes, birds and marine mammals (Fig. 1.8; Stein, 2008). As suspended, mainly terrigenous, 
particles are trapped during the formation of new sea ice, it spreads nutrients across the 
Arctic Ocean (Nürnberg et al., 1994; Pfirman et al., 1995; Reimnitz et al., 1995; Tovar-
Sánchez et al., 2010; Darby et al., 2011). With the declining sea ice, the base of the Arctic 
food web is literally vanishing. Local residents are further affected by the fast erosion of 
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about 25% of the Arctic coastline with most dramatic losses along the Laptev, East Siberian 
and Beaufort Seas (Mars and Houseknecht, 2007; Forbes et al., 2010; Lantuit et al., 2012). 
As devastating as these changes are for the native environment, the consequences reach far 
beyond the Arctic realm. The Arctic sea ice cover significantly influences the Earth’s energy 
budget through the surface albedo (Curry et al., 1995; Hall, 2004; Perovich et al., 2008). 
With its bright surface, sea ice reflects around 80% of the incoming sunlight while dark open 
water areas absorb most of the radiation (and reflect only 10%; Fig. 1.8). Consequently, the 
loss of Arctic sea ice initiates a positive feedback mechanism of rising temperatures (Pistone 
et al., 2014; Kashiwase et al., 2017). 
Figure 1.8 Schematic illustration of sea ice related processes in the Arctic Ocean (modified from MacDonald et 
al., 2004). 
 
 
Apart from that, sea ice is a key player for the heat transfer around the globe. As a physical 
barrier between the ocean and the atmosphere, it substantially regulates atmospheric 
circulation patterns (Overland and Wang, 2009; Yang and Christensen, 2012). Furthermore, 
brine rejection during seasonal sea ice formation and the cooling of saline Atlantic Water 
masses are essential for the production of dense deep water masses (Fig. 1.8). Starting in the 
subpolar North Atlantic, the North Atlantic Deep Water streams along the ocean bottom 
towards the equator, thereby propelling the global thermohaline circulation (Broecker, 1997; 
Dieckmann and Hellmer, 2008). The strength of this circulation further involves the storage 
of CO2 in the deep sea and the nutrient distribution in the world oceans (Toggweiler and 
Key, 2001; Sabine et al., 2004). With an ongoing warming of the Arctic realm, the declining 
sea ice and increased river discharge will lead to an excessive export of freshwater to the 
Fram Strait (Peterson et al., 2002; Lehner et al., 2012; Bring et al., 2017). The related 
stabilisation of surface waters in the North Atlantic might supress the production of North 
Atlantic Deep Water and decelerate the global ocean conveyer belt (Nummelin et al., 2016). 
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A foretaste of such a development was given during the “Great Salinity Anomalies” in the 
1970s (Dickson et al., 1988), 1980s (Belkin et al., 1998) and 1990s (Belkin, 2004), when the 
enhanced export of polar freshwater hampered the convective overturn and caused a 
significant cooling of the North Atlantic (Zhang and Vallis, 2006; Dima and Lohmann, 
2007). The waning Greenland Ice Sheet further contributes to this process and has the 
potential to raise the global sea level by 8 cm until 2100 (Enderlin et al., 2014; Mengel et al., 
2016).  
Another critical development coupled to the heating Arctic Ocean may arise with the 
thawing of permafrost soils. Underlying an area of 23 million km2, a large proportion of the 
global permafrost is centred in the Northern Hemisphere (Zhang et al., 1999, 2003). 
Excessive amounts of methane and carbon dioxide are stored in solid form as gas hydrates in 
the permafrost and at shallow depth in cold ocean sediments (Fig. 1.8; Tarnocai et al., 2009; 
Schuur et al., 2008, 2013). A large-scale release of these powerful greenhouse gases from the 
natural deposits in the Northern Hemisphere would strongly accelerate the global warming 
(ACIA, 2005; Schuur et al., 2015).  
 
1.3 Evolution of the Arctic climate and environment  
 
The Arctic Ocean has maintained a polar position since the formation of its basin 130 - 120 
Ma ago in the Early Cretaceous (Jackson and Oakey, 1990; Grantz et al., 1990). Its climatic 
and environmental setting was however highly variable and has undergone major shifts. The 
knowledge of the long-term development of the Arctic Ocean is often vague and 
fragmentary due to the rarity and inaccessibility of old records. The ACEX deep-sea drilling 
on the Lomonosov Ridge in the central Arctic Ocean (IODP 302, Backman et al., 2006) 
revealed that summer sea surface temperatures were around 25°C during the Paleocene-
Eocene Thermal Maximum 50 Ma ago (Fig. 1.9A; Sluijs et al., 2006, 2008). Thereafter, 
temperatures were globally decreasing in the middle and late Eocene (Zachos et al., 2001). 
In the Arctic Ocean, summer sea surface temperatures dropped to <17°C (range: 8 – 17°C) 
around 46 Ma (Stein et al., 2014). Simultaneously, first evidence for drifting sea ice is given 
by the occurrence of sea ice related diatoms (Synedropsis spp.; Stickley et al., 2009) along 
with sand-sized debris (Fig. 1.9; Moran et al., 2006; St. John, 2008). The cooling culminated 
in an abrupt decrease of atmospheric CO2 at the Eocene-Oligocene boundary about 34 Ma 
ago that triggered Antarctic glaciation (Zachos et al., 2001, 2008; De Conto and Pollard, 
2003; Pagani et al., 2005; Lear et al., 2008; Pearson et al., 2008; Heureux and Rickaby, 
2015). Analyses of ice-rafted debris (IRD) from the Greenland Basin (Eldrett et al., 2007) 
suggest a concurrent onset or intensification of Northern Hemisphere glaciation and hence a 
bipolar transition from a greenhouse to an icehouse climate (Fig. 1.9; Tripati et al., 2005; 
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Moran et al., 2006). Until the initial opening (25 Ma) and progressive deepening (17 - 15 
Ma) of the Fram Strait, the Arctic Ocean was rather isolated from the world oceans 
triggering anoxic conditions (Stein et al., 2006, 2014; Engen et al., 2008; Ehlers and Jokat, 
2013). With the increasing inflow of oxygen-rich deepwater from the North Atlantic, the 
modern circulation system under oxic conditions established (Jakobsson et al., 2007). During 
the Miocene, the Arctic Ocean was characterised by seasonal (and occasionally perennial) 
sea ice cover (Moran et al., 2006; Krylov et al., 2008; Darby, 2008; St. John, 2008; Stein et 
al., 2016a).  
Figure 1.9 (A) Global stack of stable oxygen isotopes measured on benthic foraminifera (Zachos et al., 2008) 
indicating major variations of the Earth’s climate during the last 60 Ma. Important processes for the development 
of the Arctic environment are indicated. (B) Global stack of stable oxygen isotopes measured on benthic 
foraminifera (Lisiecki and Raymo, 2005) indicating glacial-interglacial cycles during the last ~1400 ka. Red and 
blue shading indicates interglacial and glacial intervals, respectively. The odd numbers refer to the numbering of 
interglacials. 
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The opening of the Bering Strait in the Pliocene (according to Marincovich and Gladenkov 
[1999] between 5.5 and 4.8, according to De Schepper et al. [2015] around 4.5 Ma, 
according to Haywood et al. [2016] after 3 Ma) and the associated inflow of cold and fresh 
Pacific Water further contributed to the Arctic’s strong halocline promoting sea ice 
formation (Matthiessen et al., 2009). Since the Quaternary (2.6 Ma), the global climate was 
characterised by alternating warm and cold stages caused by significant variations in the 
Earth’s orbital parameters. The related cyclic rise and decline of global ice volume is 
reflected in fluctuations of the oxygen isotope ratio of benthic foraminifera (Fig. 1.9B; 
Lisiecki and Raymo, 2005). Glaciers were landbased until they extended to the continental 
shelves around 1.6 Ma, indicated by increased delivery of IRD to the adjacent ocean (Knies 
et al., 2009). With the Mid-Pleistocene Transition 800 ka ago, the glacial-interglacial cycles 
prolonged from a 40 ka to a 100 ka frequency and significantly intensified (Fig. 1.9; Lisiecki 
and Raymo, 2005). While Northern Hemisphere ice sheets are nowadays restricted to 
Greenland, vast areas of North America and Eurasia were glaciated multiple times during 
glacial intervals of the late Quaternary (Landvik et al., 1998; Mangerud et al., 1998; 
Svendsen et al., 2004; Ingólfsson and Landvik, 2013; Jakobsson et al., 2014; Hughes et al., 
2016). The exact timing and regional configuration of these ice sheets are still under debate. 
Streamlined lineation on the sea floor of Arctic shelf regions and the central Arctic Ocean 
suggest the presence of huge grounded ice sheets exceeding 1 km in thickness (Polyak et al., 
2001, 2007; Kristoffersen et al., 2004; Jakobsson et al., 2008, 2010; Niessen et al., 2013). 
Possible explanations for the observed features include the northward expansion of the 
continental ice sheets, the grounding of large fragments of glacial ice and armadas of deep 
icebergs drifting across the Arctic Ocean (Svendsen et al., 2004; Dowdeswell et al., 2010). 
Some theories postulate the existence of a pan-Arctic ice shelf (Mercer, 1970; Hughes et al., 
1977; Jakobsson et al., 2016), but contradict indications of seasonally open-water areas at the 
southern Lomonosov Ridge (Stein et al., 2017a) and the Yermak Plateau (see chapter 4.2). 
Besides the major expansion of Northern Hemisphere ice sheets, glacial intervals were 
further characterised by a reduced, yet persistent, inflow of Atlantic Water to the Arctic 
Ocean (Henrich, 1998; Knies et al., 1999; Ezat et al., 2014; Zhuravleva et al., 2017). These 
relatively warm water masses triggered the formation of open-water areas in the Nordic Seas 
and parts of the Arctic Ocean that are regarded as an essential moisture source for the final 
ice sheet growth (Hebbeln et al., 1994; Dokken and Hald, 1996).  
The transition from glacial to interglacial stages was accompanied by a stepwise sea level 
rise (of up to 120 m; Fairbanks, 1989). The wide extent of the ice sheets over northern 
Eurasia led to a blocking of river drainage, creating huge systems of ice-dammed lakes in the 
hinterland (e.g., Astakhov et al., 1999; Mangerud et al., 2001, 2004; Kaparulina et al., 2016). 
The abrupt outburst of these freshwater deposits during the disintegration of the Barents and 
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Kara Sea Ice Sheets probably delayed the deglaciation due to a significant cooling of the 
ocean triggered by ice albedo feedback mechanisms (Spielhagen et al., 2004). The 
establishment of full interglacial conditions is indicated by low ice sheet and iceberg activity 
and an intensified inflow of Atlantic Water to the Arctic Ocean. Unconstrained by the 
presence of extended ice sheets and a low sea level, warm Atlantic Water entered the Arctic 
Ocean trough the Barents Sea and along the western continental margin of Svalbard 
(Henrich, 1998; Knies et al., 1999; Matthiessen et al., 2001; Matthiessen and Knies, 2001; 
Wollenburg et al., 2001; Spielhagen et al., 2004). 
 
2. Approach of this thesis 
 
The recent decline of Arctic sea ice proceeds much faster than forecasted by various climate 
models (Stroeve et al., 2007; Serreze and Barry, 2011). Reliable climate predictions are 
however indispensible for the development and implementation of necessary measures. The 
base for such realistic climate models is a detailed knowledge of the relevant physical 
processes. The variability of sea ice extent in the Arctic Ocean has been monitored since the 
advent of satellite-based imaging in 1979 (NSIDC, https://nsidc.org, accessed March 2018). 
Historical records of earlier changes have to rely on the description of sailors and reports of 
scientists. Hence, observational time series are short and biased by the impacts of the 
industrialisation since the 18th century. The reconstruction of natural sea ice variations on 
geological time scales is therefore highly relevant. Doing so will clarify unsolved questions 
regarding the role of sea ice in the climate system, its response to environmental shifts and 
the anthropogenic contribution to the recent climate change.  
 
2.1 Reconstruction of the paleoenvironment 
 
The environmental conditions in the Arctic Ocean are defined by a variety of parameters 
including sea surface temperature, sea surface salinity, primary production, terrigenous input 
and sea ice cover. For the reconstruction of the paleoenvironment, different proxies are 
available to obtain a comprehensive overview of past conditions. 
 
Fundament: Stratigraphic framework 
 
The basis of paleoenvironmental studies is a reliable stratigraphic framework. Common 
approaches are radiocarbon (14C) and U/Th dating, oxygen isotope stratigraphy, 
paleomagnetostratigraphy, tephrostratigraphy, biostratigraphy and lithostratigraphy. In the 
Arctic Ocean, several difficulties may arise with the application of these conventional 
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methods. Arctic sediments are often characterised by a discontinuous preservation of fragile 
calcareous and siliceous microfossils (Steinsund and Hald, 1994; Schlüter and Sauter, 2000; 
Matthiessen et al., 2001; Cronin et al., 2008), complicating radiocarbon dating as well as 
bio- and isotope stratigraphy. In addition, local processes like strong freshwater discharge 
may bias the oxygen and carbon isotope variability (e.g., Stein et al., 1994; Spielhagen et al., 
2004). The chronology of Arctic sediments is therefore ideally based on a combination of 
different approaches, especially beyond the limit of radiocarbon dating (40 - 50 ka; Backman 
et al., 2004; Stein, 2008).  
 
Reconstruction of past sea ice cover 
 
While sea ice is drifting across the Arctic Ocean, it leaves a variety of traces that allow to 
indicate its presence in retrospective. The unambiguous correlation of these remains to past 
sea ice conditions is however often complicated. One of the most common tools is the 
analysis of IRD in marine sediments. Here, coarse-grained material (>250 µm) is restricted 
to iceberg transport while fine-grained sediment points to sea ice rafting (Clark and Hansen, 
1983; Spielhagen et al., 2004; Dethleff, 2005; Stein et al., 2012). Provenance analyses of 
such material provide additional information regarding the drift pathways of sea ice (e.g., 
Vogt et al., 2001; Darby, 2003; Darby and Bischof, 2004; Müller and Knies, 2013). 
However, further environmental processes might influence the grain size distribution and 
alter the IRD signal (Manighetti and McCave, 1995; Hass, 2002; O’Regan et al., 2010). The 
assemblages of marine organisms like diatoms, ostracodes and foraminifers are further used 
for sea ice reconstructions, but are limited due to dissolution effects (Koc et al., 1993; 
Stickley et al., 2009; Polyak et al., 2010). The organic-walled cysts of ice-associated 
dinoflagellates are less affected by this, but other environmental parameters such as salinity 
and temperature also impact their production (de Vernal et al., 2005). Some studies use the 
abundance of drift wood on Arctic coasts as evidence for drifting sea ice, but such 
reconstructions are rather fragmentary (Dyke et al., 1997; Bennike, 2004; England et al., 
2008; Funder et al., 2011; Hole and Macias-Fauria, 2017). 
The identification of a specific mono-unsaturated highly-branched isoprenoid (HBI) alkene 
in sea ice samples from the Canadian Arctic laid the foundation for more direct sea ice 
reconstructions (Belt et al., 2007). HBIs are biosynthesised by marine and freshwater 
diatoms and represent a common compound in marine sediments worldwide (Rowland and 
Robson, 1990; Belt et al., 2000). According to laboratory culturing experiments, the degree 
of unsaturation (number of double bounds) in HBI alkenes depends on their growth 
temperature. Tetra-unsaturated HBIs are mainly produced at 25°C, tri-unsaturated HBIs at 
15°C and di-unsaturated HBIs at 5°C (Rowland et al., 2001). Mono-unsaturated HBIs are 
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biosynthesised at temperatures around 0°C, their abundance in the Arctic Ocean might 
therefore indicate a production in ice-infested waters. Thereupon, Belt et al. (2007) 
introduced the novel sea ice proxy IP25 (IP25=C25 HBI monoene; Fig. 2.1).  
Figure 2.1 Chemical structure of the highly-branched isoprenoids IP25, HBI II and HBI III. 
 
 
The absence of IP25 in numerous open-water phytoplankton samples as well as its isotopic 
13C signature determined in sea ice, sediment trap and sediment samples highly support an 
ice-related origin (Belt et al., 2008; Brown, 2011). Source organisms are marine diatoms 
(Haslea and Pleurosigma spp.; Brown et al., 2014) that inhabit the interstitial channels at the 
base of Arctic sea ice (Fig. 2.2; Belt et al., 2008; Dieckmann and Hellmer, 2010). Analyses 
of sediment traps and ice cores revealed that 90% of the annual IP25 production takes place 
during the spring algal bloom in May and June (Fig. 2.2; Belt et al., 2008; Brown et al., 
2011). Accordingly, the sedimentary remains of these microalgae in form of biomarkers 
serve as a reliable indicator for past spring sea ice cover.  
Figure 2.2 Schematic illustration of the annual production of sea ice algae (in brown) and open-water 
phytoplankton (in green; modified after Wassmann, 2011, Stein et al., 2012). 
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An array of two sediment traps deployed at the southern Lomonosov Ridge in the central 
Arctic Ocean in different water depths revealed a significant depletion of the IP25 
concentration during its transfer through the water column (Fahl and Stein, 2012). Further 
decomposition might occur in the upper centimetres of the sediment (Fahl and Stein, 2012; 
Belt and Müller, 2013). Apart from that, IP25 is stable over millions of years (Stein and Fahl, 
2013; Knies et al., 2014; Stein et al., 2016a; Clotten et al., 2018). In the last decade, the 
measurement of IP25 in marine sediments has therefore emerged as a successful approach for 
paleo sea ice reconstructions in the Arctic Ocean. Here, the most contrasting sea ice 
conditions give equal IP25 concentrations of zero. Under permanent sea ice conditions, IP25 is 
absent due to limited light and nutrient availability same as in open waters where the habitat 
for the ice algae is missing (Fig. 2.2). The combination of IP25 with open-water 
phytoplankton biomarkers through the development of the PIP25 index (phytoplankton 
marker – IP25 = PIP25) helped to overcome this problem (Müller et al., 2011): 
 
PIP25 = IP25 / (IP25 + (plankton marker x c)). 
 
C is a balance factor to compensate for possible concentration differences between IP25 and 
the plankton marker:  
 
c = mean IP25 concentration / mean plankton marker concentration. 
 
In essence, high IP25 and concurrently low phytoplankton marker concentrations yield high 
PIP25 values (>0.75) indicative for extensive sea ice cover. Low IP25 and high phytoplankton 
marker abundances result in lower PIP25 values (<0.5) consistent with minimum sea ice 
cover. Intermediate PIP25 values (0.5 - 0.75) correspond to simultaneously enhanced IP25 and 
phytoplankton marker abundances under marginal sea ice conditions (Müller et al., 2011). 
Following this approach, even more quantitative sea ice estimations are possible as 
highlighted by a stronger correlation of PIP25 values to modern sea ice conditions (compared 
to IP25 alone) in Arctic surface sediments (Fig. 2.3; Müller et al., 2012; Xiao et al., 2015a). 
For the calculation of the PIP25 index, different options are available for the selection of the 
open-water phytoplankton marker. The most commonly used plankton markers are the 
sterols brassicasterol (i.e., PBIP25) and dinosterol (i.e., PDIP25) that are produced by a variety 
of phytoplankton genera like dinoflagellates, diatoms and haptophytes (Boon et al., 1979; 
Robinson et al., 1984; Volkman et al., 1998). The PBIP25 and PDIP25 indices of surface 
sediments in the Arctic Ocean yield a positive correlation with modern satellite-based sea ice 
observations (Müller et al., 2012; Xiao et al., 2015a). They were applied successfully for sea 
ice reconstructions of Quaternary, Pliocene and even late Miocene sedimentary records (e.g., 
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Müller et al., 2012; Stein and Fahl, 2013; Müller and Stein, 2014; Knies et al., 2014; Belt et 
al., 2015; Hoff et al., 2016; Hörner et al., 2016; Stein et al., 2016a, 2017a, 2017b; Clotten et 
al., 2018).  
 
Figure 2.3 Gridded concentrations of the biomarkers (A) IP25 and (B) brassicasterol measured in surface samples 
across the Arctic Ocean. (C) shows PBIP25 values compared to (D), the spring sea ice concentration. Figures from 
Xiao et al., 2015a. 
 
 
A just recently proposed phytoplankton marker for the calculation of the PIP25 index is a tri-
unsaturated HBI lipid (HBI III; i.e., PIIIIP25; Fig. 2.1; Belt et al., 2000; Belt et al., 2015; Smik 
et al., 2016). HBI III is a common compound in marine sediments of temperate regions 
worldwide. In the Arctic Ocean, it is produced by marine diatoms (Rhizosolenia; Belt et al., 
2000, 2017; Rowland et al., 2001) that seem to thrive within the Marginal Ice Zone (MIZ; 
transition between open ocean and sea ice; Belt et al., 2000, 2015). Its stable carbon isotope 
(δ13C) signature indicates a polar phytoplankton origin (Belt et al., 2008; Massé et al., 2011). 
The concentrations of IP25 and HBI III are much closer in magnitude than IP25 and 
brassicasterol or dinosterol, potentially superseding the need of the concentration balance 
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factor currently used in the PIP25 quantification (Belt et al., 2015; Smik et al., 2016). In 
surface sediments from the Barents Sea, PIIIIP25 values provided realistic estimates of spring 
sea ice concentrations (SpSIC) with a threshold of >0.8 linked to the presence of summer sea 
ice (>5% summer sea ice concentration [SuSIC]; Smik et al., 2016). However, the 
applicability of the PIIIIP25 index needs to be verified by further studies including sediment 
traps and broader surface data sets. 
Although the principle of the PIP25 approach is convincing for the reconstruction of past sea 
ice in the Arctic Ocean, existing limitations should be considered. First, the calculation of 
the c-factor is highly individual and varies between single records and regions. Further 
uncertainties involve the unequivocal source identification of all compounds used in the 
PIP25 calculation. The sterols brassicasterol and dinosterol are biosynthesised by a relatively 
broad group of marine phytoplankton (Boon et al., 1979; Robinson et al., 1984; Volkman et 
al., 1998). Their sedimentary signal might therefore represent variable environmental 
conditions. Brassicasterol is produced to a small percentage by freshwater diatoms (Yunker 
et al., 1995; Belt et al., 2013), complicating the use of the PBIP25 index in regions of strong 
fluvial drainage such as the Siberian shelf region (Fahl and Stein, 1999; Fahl et al., 2003; 
Hörner et al., 2017). The HBI III compound is produced by a smaller group of marine 
diatoms, but its specific ecological controls are not fully understood so far. Further, the 
PIP25-based sea ice reconstruction may be biased by selective biomarker degradation of the 
structurally differing IP25 and phytoplankton compounds (Stein et al., 2012; Navarro-
Rodriguez et al., 2013; Belt and Müller, 2013). Difficulties in the interpretation of PIP25 
records may also arise when in-phase fluxes of IP25 and the phytoplankton marker occur 
(Müller et al., 2011). In that case, coevally low (indicating extensive sea ice conditions) or 
high (indicating marginal sea ice conditions) concentrations would result in similar PIP25 
values and a misleading sea ice evaluation. However, when interpreting the individual 
biomarker profiles alongside the PIP25 record, highly reliable sea ice reconstructions are 
achievable (Müller et al., 2011). 
A di-unsaturated HBI molecule (HBI II; Belt et al., 2007), structurally related to IP25 (Fig. 
2.1), is currently discussed as an additional biomarker for sea ice reconstructions. The 
isotopic composition of HBI II and its co-occurrence with IP25 in Arctic sediments implies 
an ice-related source (Belt et al., 2007, 2008; Vare et al., 2009; Xiao et al., 2013, 2015a). 
Previous studies applied the HBI II/IP25 ratio (i.e., DIP25) to determine changes in the sea ice 
conditions (Cabedo-Sanz et al., 2013) and the tendency of SSTs (Fahl and Stein, 2012; Xiao 
et al., 2013). In contrast to IP25, this molecule was also identified in various samples 
collected from sea ice and sediment in the Southern Ocean (Massé et al., 2011). The 
thereupon developed sea ice proxy IPSO25 might represent an analogue to IP25 in the 
Antarctic realm, but further research is needed to explain the relation of this compound to 
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sea ice cover (Barbara et al., 2010, 2013; Denis et al., 2010; Massé et al., 2011; Collins et al., 
2013; Etourneau et al., 2013; Belt et al., 2016).  
 
Reconstruction of past sea surface temperatures (SST) 
 
In paleoenvironmental studies, past sea surface temperatures can be deduced from oxygen 
isotopes, Mg/Ca ratios of planktonic foraminifera and analyses of marine microfossil 
assemblages (transfer functions). Further common approaches include the alkenone – based 
Uk37 index (Brassell et al., 1986; Prahl and Wakeham, 1987) and the GDGT (glycerol dialkyl 
glycerol tetraether) - based TEX86 index (Schouten et al., 2002). Both indices provide 
reliable SST reconstructions in tropical and temperate regions, but are prone to inaccuracies 
under the influence of colder water masses (Kim et al., 2008). The modified TEX86L  index, 
designed for SSTs below 15°C (Kim et al., 2010), yields better correlations but still 
anomalously high temperatures for the Arctic Ocean (Ho et al., 2014). Liu et al. (2012) 
identified specific OH-GDGTs, GDGTs with an additional hydroxyl group on the alkyl 
chain. These compounds are widespread in marine surface and downcore sediments and 
originate most probably from planktonic archaea (Liu et al., 2012; Fietz et al., 2013). Both 
the relative abundance of individual OH-GDGTs and the number of their cyclopentane rings 
vary with growth temperature (Fietz et al., 2013). The ring index RI-OH’ includes specific 
OH-GDGTs more abundant in the Arctic Ocean and represents a promising tool for SST 
reconstructions in this specific environment (Lü et al., 2015):  
 
RI-OH’ = ([OH-GDGT-1] + 2*[OH-GDGT-2]) / ([OH-GDGT-0] + [OH-GDGT-1] + [OH-
GDGT-2]), 
SST = (RI-OH’ - 0.1) / 0.0382. 
 
Source of organic matter 
 
For the source identification of organic matter in marine sediments, a variety of organic-
geochemical bulk parameters (e.g., C/N ratio, δ13Corg values, Rock-Eval parameters) and 
specific biomarkers (e.g., n-alkanes, sterols) can be applied (Meyers, 1997; Stein and 
Macdonald, 2004). The ratio of carbon to nitrogen (C/N) is a common and practical tool to 
infer relative proportions of marine (algal) and terrigenous (higher plants) organic material. 
Here, relatively high C/N ratios >15 indicate an enhanced contribution from terrigenous 
sources, while C/N values around 6 correspond to predominantly marine origin 
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(Bordowskiy, 1965; Scheffer and Schachtschabel, 1984; Hedges et al., 1986). Further 
indications are given by the stable carbon isotope composition of the organic matter (δ13Corg). 
Light δ13Corg values of -27‰ are typical for landplants using the C3 pathway of carbon 
fixation. C4 landplants are associated with heavier values around -14‰ (O’Leary, 1988; 
Meyers, 1994), but are only of minor importance in the higher latitudes (Teeri and Stowe, 
1976). The marine δ13Corg signal in the Arctic Ocean is less constrained and ranges between 
values of -16.7 and -30.4‰ (Rau et al., 1982, 1989, 1991; Goericke and Fry, 1994). 
Additionally, the input of ice-associated algae with values of -8 to -15‰ influences the 
δ13Corg signal (Gibson et al., 1999). On a molecular level, the sterols β-sitosterol and 
campesterol are commonly used to indicate the input of terrigenous material (Fig. 2.4; Pryce, 
1971; Huang and Meinschein, 1979). Although these biomarkers are found in a few 
microalgae species, the main contributors are vascular landplants (Volkman, 1986, Volkman 
et al., 2008; Jaffé et al., 1995; Rontani et al., 2014), mainly entering the Arctic Ocean 
through river discharge (Fahl et al., 2003; Fahl and Stein, 2007).  
 
 
 
 
 
 
 
 
 
 
Figure 2.4 Chemical structures of 
the sterols brassicasterol, 
dinosterol, campesterol and β-
sitosterol. 
 
 
As described earlier, the sterols brassicasterol and dinosterol indicate the production of 
various marine phytoplankton genera like dinoflagellates, diatoms and haptophytes (Fig. 2.4; 
Boon et al., 1979; Robinson et al., 1984; Volkman et al., 1998). In regions strongly 
influenced by fluvial material discharge (e.g., the Kara and Laptev Seas), the application of 
brassicasterol as biomarker for marine phytoplankton production is limited as it is also 
biosynthesised by freshwater diatoms (Yunker et al., 1995; Fahl and Stein, 1999; Fahl et al., 
2003; Belt et al., 2013).  
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2.2 Objectives and Outline 
 
As described in chapter 1, the Arctic Ocean and particularly its sea ice cover are of high 
importance for the global climate system. While showing significant natural variations, the 
Arctic sea ice cover declined at an unseen and unpredicted rate during the last decades. A 
better understanding of the various interactions coupled to such changes is essential for the 
development of realistic future scenarios. Therefore, it is key to reconstruct past sea ice 
variability prior to human historiography. The introduction of the novel sea ice proxy IP25 
and the development of the PIP25 index paved the way for reliable sea ice reconstructions in 
the Arctic Ocean (for more details see chapter 2.1). Numerous sea ice reconstruction studies 
in the Arctic Ocean provided important information on the last glacial to Holocene interval 
(Fig. 2.5).  
Figure 2.5 Map of the Arctic Ocean showing previous IP25-based sea ice reconstructions for different time 
intervals. The positions of the sediment cores investigated in this thesis are indicated by yellow and orange 
circles. Please note that the accurate core locations may deviate due to a high concentration of studies. The source 
map is from Jakobsson et al., 2012 (IBCAO). 
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However, records of sea ice changes over longer time scales are rare, but absolutely 
necessary to close existing knowledge gaps concerning sea ice interactions in response to 
large-scale climatic alterations. 
Accordingly, the overarching scientific question of this thesis is: 
 
 (1) How did Arctic sea ice react to climatic and environmental changes in the 
 context of glacial-interglacial cycles? 
 
Of special interest are intervals that might represent analogues for the recent climate change, 
hence intervals of steep temperature gradients. Often discussed in this regard are the peak 
interglacials MIS 11 (424 - 374 ka), the Last Interglacial (MIS 5e; 130 - 115 ka) and the 
Holocene (11 ka – present).  
Consequently, the follow-up question is: 
 
 (2) How did the Arctic sea ice cover perform during exceptionally warm intervals? 
 
For this purpose, eight sediment cores from the central Arctic Ocean and the Fram Strait 
have been examined within this thesis (Fig. 2.5). The sedimentary records of these cores 
partly reach back to MIS 11 and cover the enormous environmental shifts during glacial-
interglacial transitions (a more detailed description of the studied sediment material is given 
in chapter 3.1). Main emphasis laid on the biomarker-based reconstruction of sea ice cover. 
For a more comprehensive overview of the Arctic paleoenvironment, the thesis further 
comprises analyses of the sea surface temperature and the source of organic material 
(terrigenous vs. marine).  
 
The highly dynamic Fram Strait represents a key region for sea ice reconstructions in this 
thesis. The inflow of warm Atlantic Water maintains permanently ice-free areas up to 82°N 
in the eastern Fram Strait, while the western part is characterised by the ice-infested waters 
exiting the Arctic Ocean along eastern Greenland. The sea ice distribution in this system 
reacts sensitively to any alteration of the environmental boundary conditions. During glacial-
interglacial cycles, the Fram Strait was decisively influenced by the waxing and waning of 
the Svalbard Barents Sea and the Greenland ice sheets. The variable inflow of warm Atlantic 
Water is another possible trigger for sea ice variations in the Arctic Gateway. While the 
strongest advection is assumed for interglacial intervals, the persistent, yet weaker, inflow 
during glacials is associated with the formation of ice-free areas in the Arctic Ocean that 
provided the necessary moisture for final ice sheet build-up. 
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Therefore, the following questions arise for the Fram Strait area:  
 
 (3) What kind of interactions between sea ice cover and ice sheet activity can be 
 observed? 
 
  (4) What is the regional impact of the varying inflow of Atlantic Water? 
 
The final question relates to the approach of sea ice reconstructions. The HBI III compound 
is currently discussed as a suitable open-water phytoplankton marker for the calculation of 
the PIP25 index.  
Here, the question arise: 
 
 (5) Does the PIIIIP25 index correspond to the sterol-based indices (PBIP25, PDIP25) and 
 provide realistic sea ice conditions? 
 
These central scientific questions are addressed in the individual paleoenvironmental studies 
in chapter 4. More precisely, the first two manuscripts (presented in the chapters 4.2 and 4.3) 
focus on sea ice variations in the eastern Fram Strait during the last 160 and 190 ka, 
respectively. The third manuscript (presented in chapter 4.4) deals with the sea ice 
conditions in the central Arctic Ocean (Lomonosov Ridge) and the East Greenland 
continental margin in the western Fram Strait during the time interval of MIS 12 to MIS 1 
(~440 ka). A closing consideration of the new insights provided by the individual studies as 
well as future perspectives are given in chapter 5. 
 
3. Material and methods 
3.1 Material 
 
The sediment material examined in this thesis was recovered during several RV Polarstern 
expeditions to the central Arctic Ocean (PS87; Stein, 2015) and the Fram Strait (PS92; 
Peeken, 2016 and PS93.1; Stein, 2016).  
 
Central Arctic Ocean 
 
In the central Arctic Ocean, the sediment cores PS87/023-1, PS87/030-1, PS87/070-1 and 
PS87/079-1 cover a transect along the Lomonosov Ridge (Table 3.1; Fig. 2.5).  
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Table 3.1 Background information about the investigated sediment cores. 
sediment core latitude Longitude recovery [cm] water depth [m] 
     
PS87/023-1 86° 38' 14"N 44° 53' 59"W 698 2445 
PS87/030-1 88° 39' 43"N 61° 32' 31"W 628 1277 
PS87/070-1 83° 48' 10"N 146° 07' 01"E 770 1340 
PS87/079-1 83° 12' 04"N 141° 22' 46"E 676 1361 
PS92/039-2 81° 56' 59"N 13° 49' 42"E 860 1464 
PS93/006-1 79°92'13''N 04° 40' 18"E 784 1593 
PS93/031-4 79° 20' 58"N 03° 31' 26"W 820 2135 
PS93/016-6 81° 13' 12"N 07° 20' 24"W 746 1548 

The cores PS87/023-1 and PS87/030-1 from the Canadian side of the Lomonosov Ridge are 
dominated by brown to dark brown and beige silty clays, intercalated by a couple of sandy 
layers. A few horizons of pale/pink lenses or layers were identified by smear slide analyses 
as detrital carbonate (Fig. 3.1; Stein et al., 2015). The cores PS87/070-1 and PS87/079-1 
from the Siberian side of the Lomonosov Ridge are characterised by brown to dark brown, 
beige and grey silty clay sediments, likewise intercalated by more sandy layers (Fig. 3.1). 
Figure 3.1 Line scan images, lithologies and Mn/Al ratios for the sediment cores PS87/079-1, PS87/070-1, 
PS87/030-1 and PS87/023-1 from the central Arctic Ocean. The correlation of different stratigraphic units is 
based on Stein et al., 2015.
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Fram Strait 
 
In eastern Fram Strait, the sediment cores PS93/006-1 and PS92/039-2 were recovered from 
the northwestern continental margin of Svalbard and the Yermak Plateau, respectively.  
The sedimentary sequence of Core PS93/006-1 is composed of greyish to brownish silty 
clays (Fig. 3.2). The lowermost part of the core (785 - 600 cm) contains coal fragments. An 
increased content of dropstones can be observed for the intervals 785 – 640, 360 – 300 and 
200 – 65 cm (Stein et al., 2016b).  
The lowermost part of Core PS92/039-2 (860 - 615 cm) is composed of silty clays 
intercalated by diamicton layers (Fig. 3.2). An alternation of greyish, dark greyish and 
brownish coloured intervals can be observed. The overlaying sequence from 615 to 90 cm 
consists of greyish to brownish clays and silty clays. Two layers of dark greyish colouration 
occur between 310 - 260 cm and 140 - 90 cm. The upper 90 cm are composed of brownish 
sediments. Various bioturbation traces are present throughout the entire record, except for 
short intervals around 730, 580, 510, 365 and 275 cm.  
The cores PS93/016-6 and PS93/031-4 were obtained along the outer East Greenland 
continental shelf (Table 3.1; Fig. 2.5).  
Core PS93/016-6 consists of reddish brown silty clays intercalated by greyish brown 
horizons of coarser grain size (Fig. 3.2). A prominent layer of dark grey sandy silty clay 
occurs between 290 and 350 cm core depth (Stein et al., 2016b).  
In Core PS93/31-4, three main lithologies can be observed: (1) brown, greyish brown and 
dark greyish brown, partly bioturbated silty clays, (2) alternations of clayey and silty greyish 
brown layers and (3) sandy silty clays with incorporated dropstones (Fig. 3.2). Two intervals 
of reddish silty clays occur at 246 - 254 and 430 - 440 cm core depth (Stein et al., 2016b).  
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Figure 3.2 Line scan images and lithologies for the sediment cores PS92/039-2, PS93/006-1, PS93/031-4 and 
PS93/016-6 from the Fram Strait (Stein et al., 2016b). 
 
 
3.2 Methods 
 
Sampling 
 
The “kastenlot” sediment cores PS87/023-1, PS87/030-1, PS87/070-1, PS87/079-1, 
PS92/039-2, PS93/006-1, PS93/016-6 and PS93/031-4 were sampled (when possible) 
directly onboard RV Polarstern in 1 cm steps and stored in clean glass vials at -20°C. In the 
further course, the sediment was freeze-dried and homogenised by grinding (Fig. 3.3).  
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Figure 3.3 Schematic illustration of the methodology applied in this thesis. TLE = Total Lipid Extract, GC - MS 
= Gas Chromatography - Mass Spectrometry, UPLC - MS = Ultra Performance Liquid Chromatography - Mass 
Spectrometry. 
 
 
Organic-geochemical bulk parameters 
 
Total organic carbon (TOC) contents were determined using a Carbon-Sulfur Analyser (CS-
125, Leco). Prior to the measurement, hydrochloric acid was added to remove carbonate 
from the sediment. For the calibration of the instrument, an external standard of a known 
carbon content was measured. The total amounts of carbon (TC) and nitrogen (TN) were 
determined by means of a Carbon-Nitrogen-Sulfur Analyser (Elementar III, Vario). 
Assuming that the predominant carbonate phase is calcite, carbonate contents were 
calculated as CaCO3 = (TC – TOC) * 8.333, where 8.333 is the stoichiometric calculation 
factor. The C/N ratio was calculated using the TOC and TN contents, thereby neglecting the 
inorganic nitrogen portion (cf., Fig. A2; Stein and Macdonald, 2004).  
For δ13Corg analyses, acidified and homogenised sediment was weighed into a tin foil and 
wrapped tightly. The determination of δ13Corg values was then performed by means of mass 
spectrometry (Thermo, MAT 253), using the Urea Isotopic Working Standard (C-13, N-15) 
as reference material. 
 
Biomarker analyses 
 
For each sediment sample, the contents of specific HBIs (IP25, HBI II, HBI III) and sterols 
(brassicasterol, dinosterol, campesterol, β-sitosterol) were quantified. In this regard, the 
following procedure was applied (Fig. 3.3): 
(1) Prior to extraction, the internal standards 7-hexylnonadecane (7-HND, 0.076 μg/sample) 
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and cholest-5-en-3β-ol-D6 (cholesterol-d6, 10.1 μg/sample) were added for HBI and sterol 
quantification, respectively. Two extraction techniques were used in this thesis. For both 
extraction methods, 5 g of sediment were extracted and dichloromethane:methanol (2:1 
vol/vol) was used as solvent. For the cores PS87/023-1, PS87/030-1, PS87/070-1, PS87/079-
1 and PS92/039-2, the sediment was extracted with an Accelerated Solvent Extractor 
(DIONEX, ASE 200) applying a temperature programme of 200°C at 1,000 psi for 5 min 
followed by 100°C at 1,000 psi for 5 min. Belt et al. (2014) compared the ASE extraction 
procedure with an extraction via ultrasonication. Accordingly, IP25 concentrations are 
equally extracted during both methods, but a small depletion of the more unsaturated HBIs 
was recognised for the ASE method. Therefore, the extraction method was adjusted and 
ultrasonic extraction was carried out for the cores PS93/006-1, PS93/016-6 and PS93/031-4. 
Here, the sediment and solvent mixture stayed in the ultrasonic bath for 15 min, was 
centrifuged afterwards (3 min at 2000 rotations/min) and the extract was decanted. This 
procedure was repeated three times.  
(2) In the following step, the total lipid extract was separated into hydrocarbons and sterols 
via open column chromatography with SiO2 as stationary phase (Fig. 3.3). 5 ml of n-hexane 
was used as eluent for the hydrocarbon fraction followed by 9 ml of ethylacetate:n-hexane 
(2:8 vol/vol) as eluent for the sterol fraction. Afterwards, sterols were derivatised with 200 μl 
bis-trimethylsilyl-trifluoroacet-amide (BSTFA) at 60°C for 2 hours for an optimal 
identification result. 
(3) The identification of individual compounds was carried out with coupled gas 
chromatography - mass spectrometry (GC - MS). For hydrocarbon identification, an Agilent 
Technologies 7890 gas chromatograph (30 m HP-1MS column, 0.25 mm I.d., 0.25 µm film 
thickness) coupled to an Agilent Technologies 5977 A mass spectrometer (triple-axis 
detector, 70eV, constant ionisation potential, Scan 50 - 550 m/z, 1 scan/s, 230 °C ion source 
temperature) was used. The following temperature programme was applied: 60°C (3 min), 
150°C (heating rate: 15°C/min), 320°C (heating rate: 10 °C/min), 320°C (15 min 
isothermal). The detection limit for this setup is 5 ng/ml or 0.05 ng/gSed. The sterols were 
identified with an Agilent Technologies 6850 gas chromatograph (30 m HP-1MS column, 
0.25 mm I.d., 0.25 µm film thickness) coupled to an Agilent Technologies 5975 A mass 
spectrometer (triple-axis detector, 70eV, constant ionisation potential, Scan 50 - 550 m/z, 1 
scan/s, 230 °C ion source temperature). A temperature programme of 60°C (2 min), 150°C 
(heating rate: 15°C/min), 320°C (heating rate: 3 °C/min), 320°C (20 min isothermal) was 
applied. For this setup, the detection limit is 10 ng/ml or 0.1 ng/gSed. For both GC - MS 
setups, helium served as carrier gas (1 ml/min constant flow). 1µl of sample was injected and 
measured in full scan mode. The hydrocarbon fractions were measured additionally in 
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selected ion monitoring (SIM) mode. The instrument stability was controlled by 
measurement of external standards and replicate measurements of individual samples. 
(4) Specific compound identification was based on the comparison of retention times and the 
fragmentation pattern in the mass spectra with literature references (IP25: Belt et al., 2007, 
Fig. 3.4; HBI II: Johns et al., 1999; HBI III: Belt et al., 2000; sterols: Boon et al., 1979, 
Volkman, 1986). In case of low abundances, IP25 was identified in the SIM mode using its 
molecular ion of m/z 350 and further characteristic molecular ions for guaranteed detection. 
For the hydrocarbons, Kovats indices of 2086 for IP25, 2084 for HBI II and 2046 for HBI III 
were calculated.  
  
Figure 3.4 Mass spectrum of IP25 (Belt et al., 2007). 
 
(5) The quantification of each compound was done by setting its individual GC-MS 
molecular ion response in relation to the molecular ion of respective internal standards. For 
the quantification of the HBIs, the molecular ions of m/z 350 for IP25 (Fig. 3.4), m/z 348 for 
HBI II and m/z 346 for HBI III were compared to the fragment ion m/z 266 of the internal 
standard 7-HND. The different responses of the molecular ions were balanced by an external 
calibration curve (standard deviation of r2=0.99; Fahl & Stein, 2012). The sterols were 
quantified as trimethylsilyl ethers. Here, the molecular ions m/z 470 for brassicasterol (as 
24-methylcholesta-5,22E-dien-3β-ol), m/z 472 for campesterol (as 24-methylcholest-5-en-
3β-ol), m/z 486 for β-sitosterol (as 24-ethylcholest-5-en-3β-ol) and m/z 500 for dinosterol 
(as 4α,23,24R-trimethyl-5α-cholest-22E-en-3β-ol) were used in relation to the molecular ion 
m/z 464 for the internal standard cholesterol-d6. Retention time indices of 1.018, 1.042, 
1.077 and 1.019 were calculated for brassicasterol, campesterol, β-sitosterol and dinosterol, 
respectively. The concentrations of hydrocarbons and sterols were corrected to the amount of 
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extracted sediment.  
For Core PS92/039-2, GDGT analyses were performed for selected samples. Prior to 
extraction, the internal standard C46 (0.378 μg/sample) was added. In the next step, 5 – 10 g 
of sediment were extracted using ultrasonication and dichloromethane:methanol (3:1 
vol/vol) as solvent. The GDGTs were eluted from the total lipid extract via open column 
chromatography (Fig. 3.3). SiO2 served as stationary phase and 10 ml of 
dichloromethane:methanol (95:5 vol/vol) as eluent. Individual compound identification was 
performed using an ultra performance liquid chromatograph (Acquity) coupled to an 
atmospheric pressure chemical ionisation mass spectrometer (Xevo TQ). The GDGTs were 
eluted using E1(hexane):E2(hexane:isopropanol) (99:1 vol/vol), with 0.1% isopropanol for 
0.5 min (flow rate: 0.2 ml/min), then up to 0.5% per linear gradient in 0.6 min (3.5 min 
isothermal), up to 1% per linear gradient in 1.4 min (2 min isothermal) and 0.1% (4 min 
isothermal). Single ion recording was set to scan [M+H]+ of isoprenoid glycerol dibiphytanyl 
glycerol tetraethers  (OH-GDGT-0, OH-GDGT-1, OH-GDGT-2, i-GDGT-0, i-GDGT-1, i-
GDGT-2, i-GDGT-3, Crenarchaeol, Cren’; m/z 1318, 1316,1314, 1302, 1300, 1298, 1296, 
1292, 1292, respectively) and [M+H]+ of the branched GDGTs (b-GDGT Ia, b-GDGT IIa, b-
GDGT IIIa; m/z 1050, 1036, 1022, respectively).  
Long-chain C37 alkenones were quantified in selected samples of Core PS93/006-1 to 
evaluate the production of haptophyte algae. For simplicity reasons, alkenones (C37:2, C37:3, 
C37:4) were eluted from the sterol fraction (Fig. 3.3). The separation of compounds was 
performed by open column chromatography using SiO2 as stationary phase and 3 ml of n-
hexane:dichloromethane (1:1 vol/vol) followed by 5 ml of dichloromethane as eluent. After 
saponification with 0.1 N KOH (9:1 vol/vol) at 80°C for 2 h, GC measurements were carried 
out using a HP 6890 GC equipped with a cold injection system, a DB-1MS fused silica 
capillary column and a flame ionisation detector. Individual alkenone identification was 
based on retention times and the comparison with an external standard.  
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4. Paleoenvironmental studies 
4.1 Declaration of author’s contribution 
 
This cumulative thesis comprises three joint-authorship manuscripts that are or will be 
published as peer-reviewed articles in appropriate scientific journals. In the following, the 
contributions of all authors to the individual studies are clarified. 
 
(1) Changes in sea ice cover and ice sheet extent at the Yermak Plateau during the last 160 
ka – Reconstructions from biomarker records. 
 
 Authors: Kremer, A., Stein, R., Fahl, K., Ji, Z., Yang, Z., Wiers, S., Matthiessen, J., 
 Forwick, M., Löwemark, L., O’Regan, M., Chen, J., Snowball, I. 
 Publication state: This manuscript is published (January 2018) in the Journal 
 Quaternary Science Reviews. 
 
A. Kremer, R. Stein and K. Fahl conceived and designed the experiment. A. Kremer 
performed the sampling of the sediment core, the preparation of samples (freeze-drying, 
grinding), the bulk organic-geochemical analyses (TOC, CNS) and the biomarker analyses 
(HBIs, sterols). K. Fahl performed quality control of the data. The GDGT and δ13Corg were 
carried out at the Second Institute of Oceanography, State Oceanic Administration in 
Hangzhou, China. A. Kremer conducted the preparation of GDGT and δ13Corg measurements. 
The analyses and quality control of the data were carried out by Z. Ji and Z. Yang, 
respectively. A. Kremer performed the interpretation of the results and wrote the first version 
of the manuscript. R. Stein and K. Fahl supported the interpretation of results and 
improvements on the manuscript. S. Wiers and I. Snowball performed the environmental 
magnetic measurements. J. Matthiessen performed the AMS14C datings and the IRD 
counting. J. Matthiessen and M. O’Regan performed the onboard physical property 
measurements. M. Forwick contributed the line scan images. L. Löwemark perfomed 
AMS14C datings and contributed the bioturbation logs. All authors reviewed the results and 
approved the final version of the manuscript. 
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(2) A 190 ka biomarker record revealing interactions between sea ice, Atlantic Water inflow 
and ice sheet activity in eastern Fram Strait. 
 Authors: Kremer, A., Stein, R., Fahl, K., Bauch, H., Mackensen, A., Niessen, F. 
 Publication state: This manuscript is under review in the Journal arktos - The 
 Journal of Arctic Geosciences (revised version of the manuscript submitted on 19th 
 February 2018). 
 
A. Kremer, R. Stein and K. Fahl conceived and designed the experiment. A. Kremer 
performed the sampling of the sediment core, the sample preparation, the bulk organic-
geochemical analyses (TOC, CNS) and the biomarker analyses (HBIs, sterols, alkenones). K. 
Fahl performed quality control of the data. A. Kremer performed the interpretation of the 
results and wrote the first version of the manuscript. R. Stein and K. Fahl supported the 
interpretation of results and improvements on the manuscript. H. Bauch and A. Mackensen 
conducted the analyses of the stable carbon and oxygen isotope records. F. Niessen 
performed the measurements of the MSCL (WBD = wet bulk density and MS = magnetic 
susceptibility) data. All authors reviewed the results and approved the final version of the 
manuscript. 
 
(3) The variability of sea ice along the northeastern Greenland Shelf in relation to glacial-
interglacial cycles since Marine Isotope Stage 12. 
 
 Authors: Kremer, A., Stein, R., Fahl, K., Spielhagen, R., Bauch, H. 
 Publication state: This study will be submitted to an appropriate scientific journal as 
 soon as the stratigraphy is revised. 
 
A. Kremer, R. Stein and K. Fahl conceived and designed the experiment. A. Kremer 
performed the sampling of the sediment core, the sample preparation (freeze-drying, 
grinding), the bulk organic-geochemical analyses (TOC, CNS) and the biomarker analyses 
(HBIs, sterols). K. Fahl performed quality control of the data. A. Kremer performed the 
interpretation of the results and wrote the first version of the manuscript. R. Stein and K. 
Fahl supported the interpretation of results and improvements on the manuscript. R. 
Spielhagen performed the AMS14C datings on Core PS93/016-1. H. Bauch and R. 
Spielhagen provided unpublished data of the cores PS1230-1 and PS1906-1 that were used 
to develop a preliminary age model of Core PS92/031-4. 
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4.2 Changes in sea ice cover and ice sheet extent at the Yermak Plateau during the last 
160 ka – Reconstructions from biomarker records. 
 
Kremer, A., Stein, R., Fahl, K., Ji, Z., Yang, Z., Wiers, S., Matthiessen, J., Forwick, M., 
Löwemark, L., O’Regan, M., Chen, J., Snowball, I. 
 
Abstract 
 
The Yermak Plateau is located north of Svalbard at the entrance to the Arctic Ocean, i.e. in 
an area highly sensitive to climate change. A multi proxy approach was carried out on Core 
PS92/039-2 to study glacial-interglacial environmental changes at the northern Barents Sea 
margin during the last 160 ka. The main emphasis was on the reconstruction of sea ice cover, 
based on the sea ice proxy IP25 and the related phytoplankton - sea ice index PIP25. Sea ice 
was present most of the time but showed significant temporal variability decisively affected 
by movements of the Svalbard Barents Sea Ice Sheet. For the first time, we prove the 
occurrence of seasonal sea ice at the eastern Yermak Plateau during glacial intervals, 
probably steered by a major northward advance of the ice sheet and the formation of a 
coastal polynya in front of it. Maximum accumulation of terrigenous organic carbon, IP25 
and the phytoplankton biomarkers (brassicasterol, dinosterol, HBI III) can be correlated to 
distinct deglaciation events. More severe, but variable sea ice cover prevailed at the Yermak 
Plateau during interglacials. The general proximity to the sea ice margin is further indicated 
by biomarker (GDGT) - based sea surface temperatures below 2.5°C. 
 
4.2.1. Introduction 
 
The decline of Arctic sea ice began to draw attention in 2005, when summer sea ice reached 
the lowest extent since satellite based observations started in 1979 (Serreze et al., 2007). 
Having enlivened the debate around anthropogenic climate change, this dramatic trend 
continued - much faster than forecast - when a new record low in sea ice extent was reached 
in 2007 followed by another in 2012 (Comiso et al., 2008; Parkinson and Comiso, 2013). 
Most recently, the maximum winter extent of Arctic sea ice reached a record minimum in 
2016 (National Snow & Ice Data Center, https://nsidc.org). Playing a crucial role in 
maintaining climatic stability worldwide, such a development of Arctic sea ice is alarming, 
even more when polar amplification of global warming is taken into account (Serreze and 
Barry, 2011). Arctic sea ice impacts the Earth’s global energy budget through regulating the 
surface albedo, controls the exchange of heat and moisture between the atmosphere and the 
ocean, contributes to global heat transfer and influences local primary production (Broecker, 
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1997; Hall, 2004; Dieckmann and Hellmer, 2008). Despite this fundamental relevance of 
Arctic sea ice, our understanding of its interaction with different internal and external forces 
is still incomplete for certain regions and timespans. In order to improve climate predictions 
and related measures, it is essential to know how this sensitive system responds to climatic 
variations. To evaluate the anthropogenic impact on sea ice decline, it is imperative to extend 
records of past sea ice extent beyond the modern observational period. 
The Yermak Plateau north of Svalbard is located at the interface between the Arctic Ocean 
and the Atlantic Ocean. This area is subject to a range of environmental forces, e.g., the 
intensity of various ocean currents and the glaciation on Svalbard. Throughout the late 
Quaternary, the Svalbard Barents Sea Ice Sheet (SBIS) advanced several times towards the 
shelf break along western and northern Svalbard, strongly impacting oceanic conditions and 
sedimentation regimes (e.g., Svendsen et al., 2004; Winkelmann et al., 2008a; Knies et al., 
2009; Jessen et al., 2010). According to the glaciation model of Mangerud et al. (1998), four 
major ice sheets built up and decayed along western Svalbard during the last 150 ka: the 
most extensive one during the late Saalian (>140 ka), followed by an early (~110 ka), a 
middle (60 ka) and a late Weichselian glaciation (~20 ka; Landvik et al., 1998; Mangerud et 
al., 1998; Hughes et al., 2016). The northernmost extent as well as local discrepancies are, 
however, still under debate and need further investigation (Winkelmann et al., 2008a; Clark 
et al., 2009; Ingolfsson and Landvik, 2013; Landvik et al., 2013). Intensified Atlantic Water 
(AW) advection via the West Spitsbergen Current (WSC) and related open water areas in the 
Greenland, Iceland and Norwegian Seas are believed to be an important trigger for ice sheet 
growth by providing extensive amounts of moisture (Hebbeln et al., 1994; Dokken and Hald, 
1996). The strongest inflow of warm AW was recorded for the Eemian and the Holocene 
(Henrich, 1998; Knies et al., 1999; Matthiessen et al., 2001; Matthiessen and Knies, 2001; 
Wollenburg et al., 2001; Spielhagen et al., 2004). Less pronounced advection was observed 
for MIS 5c, 5a and 3, while the glacial periods MIS 6, 4 and 2 were characterised by 
persistent but modified (temperate) inflow (Henrich, 1998; Knies et al., 1999).  
The main objective of the current study is to reconstruct sea ice variability in the 
northernmost Fram Strait related to late Quaternary glacial-interglacial cycles. For this 
purpose, measurements of specific biomarkers were carried out on Core PS92/039-2 from 
the Yermak Plateau north of Svalbard. Supplemented by a set of organic and 
sedimentological parameters (lithology, IRD, TOC, C/N ratio), these biomarker data provide 
a solid base to outline the environmental development of the Fram Strait during the last 160 
ka. 
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4.2.2. Biomarker proxies used for paleoenvironmental reconstruction in this study 
 
The organic-geochemical investigation of marine archives with regard to specific molecular 
signatures (biomarkers) has been a common practice in paleoenvironmental studies for some 
time (e.g., Meyers, 1997; Stein and Macdonald, 2004; Volkman, 2006; Eglinton and 
Eglinton, 2008; Sachs et al., 2013). In this study, the main focus is on the reconstruction of 
past sea ice cover, with estimates of the sea surface temperature (SST) serving as additional 
verification. Furthermore, the production of marine, open-water phytoplankton (hereafter 
referred to as “phytoplankton”) and the input of terrigenous material are assessed using 
specific biomarkers. 
In the past decade, the novel sea ice proxy IP25 (C25 HBI [highly branched isoprenoid] 
monoene = IP25; Belt et al., 2007) paved the way for reconstructing the variability of past sea 
ice conditions in the Arctic realm, reaching back to the late Miocene (Stein et al., 2016a). 
Biosynthesised by diatoms exclusively living in Arctic sea ice (Belt et al., 2008; Brown et 
al., 2014), the presence/absence of this organic molecule in sediment samples serves as a 
presence/absence indicator for spring sea ice cover (Belt et al., 2007). An even more reliable 
estimate of sea ice conditions is achieved when combining IP25 with phytoplankton 
biomarkers, creating the PIP25 index (phytoplankton marker – IP25 = PIP25; Müller et al., 
2011). In this way, the problem of misjudging absent IP25, either reflecting perennial ice 
cover or ice-free water, can be circumvented.  
Although the principle of this approach is convincing, existing limitations should be 
considered when using PIP25 for sea ice reconstructions. Difficulties may arise when in-
phase fluxes of the phytoplankton marker and IP25 occur (Müller et al., 2011). In this case, 
coevally low (indicating permanent sea ice conditions) or high (indicating marginal sea ice 
conditions) input would result in similar PIP25 values and a misleading sea ice evaluation. 
Therefore, it is key to always consider the individual biomarker profiles alongside the PIP25 
record. The sterols brassicasterol and dinosterol are commonly used as phytoplankton 
markers in the PIP25 (PBIP25 and PDIP25, respectively) calculation. As these sterols are 
biosynthesised by a relatively broad group of marine phytoplankton, mainly diatoms and 
dinoflagellates (Boon et al., 1979; Robinson et al., 1984; Volkman et al., 1998), their 
sedimentary signal represents various environmental conditions. Further, the PIP25-based sea 
ice reconstructions may be biased by selective biomarker degradation of the structurally 
differing IP25 and sterol compounds (for a detailed review of potential limitations of the 
PIP25 approach, see Stein et al., 2012; Navarro-Rodriguez et al., 2013; Belt and Müller, 
2013).  
Despite potential limitations, both PBIP25 and PDIP25 indices show a positive correlation with 
modern satellite-based sea ice observations (Müller et al., 2012; Xiao et al., 2015a) and have 
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been used to define paleo sea ice conditions more quantitatively in a variety of studies (e.g., 
Müller et al., 2012; Stein and Fahl, 2013; Müller and Stein, 2014; Belt et al., 2015; Xiao et 
al., 2015b; Hörner et al., 2016; Stein et al., 2017a).  
Nonetheless, the adoption of a more suitable open water counterpart to IP25 is recently 
investigated with special attention to a tri-unsaturated HBI lipid (HBI III, Belt et al., 2000; 
Belt et al., 2015; Smik et al., 2016). The HBI III compound is found in marine sediments of 
temperate regions worldwide but is especially enriched within the Marginal Ice Zone (MIZ; 
transition between open ocean and sea ice) of the Arctic Ocean (Belt et al., 2000, 2015). 
Even though the specific source of this compound is not identified unequivocally, the only 
known producers are marine diatoms (Belt et al., 2000; Rowland et al., 2001). The 
concentrations of IP25 and HBI III are much closer in magnitude than IP25 and brassicasterol 
or dinosterol, potentially superseding the need of the concentration balance factor currently 
used in the PIP25 quantification (Belt et al., 2015; Smik et al., 2016; see also “Material and 
methods”). The PIIIIP25 approach already enabled reliable paleo sea ice reconstructions by 
Belt et al. (2015), Berben et al. (2017) and Stein et al. (2017a). However, the applicability of 
this approach needs to be evaluated by further analysis of downcore records and the 
correlation of surface data sets to satellite-derived sea ice observations. 
For temperature reconstruction, the alkenone - based U37k  index (Brassell et al., 1986; Prahl 
and Wakeham, 1987) and the GDGT (glycerol dialkyl glycerol tetraether) - based TEX86 
index (Schouten et al., 2002) are two common organic-geochemical tools in 
paleoceanographic studies. While correlating well with SSTs in tropical and temperate 
regions, these approaches show large inaccuracies in regions dominated by colder water 
masses (Kim et al., 2008). The modified TEX86L  index for temperatures below 15°C (Kim et 
al., 2010) yields a better correlation but still anomalously high temperatures for the Arctic 
Ocean (Ho et al., 2014). Liu et al. (2012) identified GDGTs with an additional hydroxyl 
group on the alkyl chain. These hydroxylated GDGTs (OH-GDGTs) likely originate from 
planktonic archaea and are widespread in marine surface and downcore sediments (Liu et al., 
2012; Fietz et al., 2013). Both the relative abundance of individual OH-GDGTs and the 
number of their cyclopentane rings vary with temperature (Fietz et al., 2013), leading to the 
development of the ring index RI-OH (Lü et al., 2015). The revised RI-OH’ index includes 
specific OH-GDGTs more abundant in polar regions, therefore possibly representing a 
promising tool for the reconstruction of temperatures in this specific environment. This study 
will use the RI-OH’ index for the first time to calculate polar SSTs, thereby providing 
important information about its applicability in high latitudes. 
For the source identification of organic matter in marine sediments, a variety of organic-
geochemical bulk parameters (e.g., C/N ratio, δ13Corg values, Rock-Eval parameters) and 
specific biomarkers (e.g., n-alkanes, sterols) can be applied (Meyers, 1997; Stein and 
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Macdonald, 2004). The signals given by these different proxies may vary, however, when 
used in combination, a solid evaluation of the relative proportions of marine and terrigenous 
organic matter can be attained (e.g., Fahl and Stein, 2007; Volkman et al., 2008). To infer 
contributions of terrigenous material, this study concentrated on the sterols β-sitosterol and 
campesterol (Pryce, 1971; Huang and Meinschein, 1979). Although these biomarkers are 
found in a few microalgae species, the main contributors are higher land plants (Volkman et 
al., 1986; Jaffé et al., 1995; Rontani et al., 2014) that are delivered to the Arctic Ocean 
through Siberian river runoff (Fahl et al., 2003; Fahl and Stein, 2007). In order to ensure the 
credibility of these results, further proxies (i.e., C/N ratio, δ13Corg values) were applied to 
trace terrigenous input mechanisms.  
 
4.2.3. Regional setting 
 
The Yermak Plateau is located at the entrance to the Arctic Ocean off the north-western 
coast of Svalbard (Fig. 4.2.1). To the west of the plateau, the Fram Strait, representing the 
northernmost North Atlantic, displays the only deepwater connection between the Arctic 
Ocean and the world oceans. Two major ocean current systems regulate the exchange of 
water masses in this gateway, thereby generating an Atlantic and an Arctic domain: the WSC 
and the East Greenland Current (EGC), respectively (Aagaard and Coachman, 1968; 
Aagaard, 1982).  
Figure 4.2.1 Overview map of the Arctic Ocean (inset) and the oceanographic setting in the study area. The red 
arrow refers to the West Spitsbergen Current (WSC), the blue arrow indicates the East Greenland Current (EGC). 
The position of the September sea ice margin for the time intervals 1979 – 1983 and 2002 – 2006 is marked by 
white, dotted lines, the sea ice extent during September 2015 is indicated by a white, solid line 
(http://iup.physik.uni-bremen.de, accessed August 2017). Core locations are marked by diamonds, the herein 
investigated Core PS92/039-2 is highlighted in red. The base map was created using the Ocean Data View 
Software (Schlitzer, 2015). 
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Steered by bathymetry, the relatively warm WSC flows in intermediate depth northward 
along the western continental margin of Svalbard (Bourke et al., 1988). Between 78 and 
80°N, the WSC bifurcates into an eastern (Svalbard) branch and a western (Yermak) branch 
(Aagaard et al., 1987; Manley et al., 1992). The Svalbard Branch streams northeasterly, 
staying close to the continental margin of Svalbard, and eventually enters the Arctic Ocean 
(Coachman & Aagaard, 1974; Aagaard et al. 1987; Manley, 1995). The Yermak Branch 
follows the western flank of the Yermak Plateau, partly detaches from it north of 80°N, turns 
westward and recirculates southward as the Return Atlantic Current (Bourke et al. 1988). 
Cold polar water and sea ice exit the Arctic Ocean along the continental margin of East 
Greenland via the southward streaming EGC (Aagaard & Coachman, 1968; Rudels et al., 
1999). Positioned within the narrow MIZ, the study area is subject to a pronounced 
seasonality. The formation of new sea ice is mainly restricted to the autumn and winter 
months, while summer is the season of ice melt. When sea ice extent reaches its maximum in 
March, the Svalbard Archipelago is usually largely enclosed by ice. However, upwelling of 
relatively warm AW along the western and northern coast ensures ice free conditions up to 
80 - 82°N (Aagaard et al., 1987; Haugan, 1999; Ivanov et al., 2012). The extension of these 
open water areas (polynyas) depends on the intensity of the WSC and shows a strong 
interannual variability (Vinje, 2001). Minimum sea ice cover is reached in September, only 
the northeastern shelf areas of Svalbard may experience sea ice during this time of the year. 
While the southern Yermak Plateau is covered by seasonal sea ice, a thinning of the 
perennial ice cover above the northern part only takes place in years of exceptionally strong 
heat supply (National Snow & Ice Data Center, https://nsidc.org, accessed August 2017). 
 
4.2.4. Material and methods 
The studied Core PS92/039-2 was recovered from the eastern flank of the Yermak Plateau 
north of Svalbard during RV Polarstern Expedition PS92 in 2015 (Peeken, 2016; Fig. 4.2.1; 
Table 4.2.1).  
Table 4.2.1 Investigated cores. 
Core-ID Latitude 
[°N] 
Longitude 
[°E] 
Water depth 
[m] 
Core recovery 
[cm] 
     
PS92/039-2 KAL 81.95 13.83 1464 860 
PS92/039-3 GKG 81.94 13.75 1493 43 
 
It provides a continuous sedimentary record, except for the uppermost 15 cm that were 
disturbed during the recovery process (Fig. A1). Therefore, a surface sample from the box-
corer Core PS92/039-3 (Table 4.2.1) was added to the record to have a reference data point 
representing the modern (Holocene) environment. Line-scan images (performed at the UiT 
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the Arctic University of Norway in Tromsø) were acquired with a Jai CV L107 camera with 
RGB (red-green-blue) channels at 630 nm, 535 nm and 450 nm, respectively, mounted to an 
Avaatech XRF core scanner. For environmental magnetic measurements, samples were 
taken continuously (2.5-3 cm interval) with standard 7cm3 plastic cubes. Low field reversible 
magnetic susceptibility (k) was measured with an Agico MFK-1-FA Kappabridge 
(performed at Uppsala University, Sweden). Anhysteretic remanent magnetisation (ARM) 
was acquired in a peak alternating field of 100 mT with a 50 µT DC bias field and measured 
using cryogenic magnetometer (model 2G Enterprise 755R, performed at the University of 
Bremen, Germany). The susceptibility of ARM (kARM) was calculated from ARM 
measurements normalised with the 50 µT bias field. Subsequent division with the magnetic 
susceptibility yields the dimensionless magnetic grain-size sensitive ratio kARM/k (King et 
al. 1982).  
 
Analyses of organic-geochemical bulk parameters 
For organic-geochemical analyses, subsamples were taken every 5 cm and stored in glass 
vials at -20°C. Total organic carbon (TOC) contents were determined using a Carbon-Sulfur 
Analyser (CS-125, Leco) after decarbonisation of the sediment with hydrochloric acid. The 
total amounts of carbon (TC) and nitrogen (TN) were determined by means of a Carbon-
Nitrogen-Sulfur Analyser (Elementar III, Vario). Assuming that the predominant carbonate 
phase is calcite, carbonate contents were calculated as CaCO3 = (TC – TOC) * 8.333, where 
8.333 is the stoichiometric calculation factor. When using the carbonate data, however, one 
should consider that a significant proportion of the carbonate at the Yermak Plateau might be 
dolomite as determined in sediments from nearby Core PS2212-3 (Fig. 4.2.1; Vogt, 1997; 
Vogt et al., 2001). The C/N ratio was calculated using the TOC and TN contents, thereby 
neglecting the inorganic nitrogen portion (cf., Stein and Macdonald, 2004; Fig. A2). For 
organic carbon isotope (δ13Corg) analysis (performed at the Second Institute of 
Oceanography, State Oceanic Administration, Hangzhou, China), acidified and homogenised 
sediment was weighed into a tin foil and wrapped tightly. The determination of δ13Corg 
values was then performed by means of mass spectrometry (Thermo, MAT 253), using Urea 
Isotopic Working Standard (C-13, N-15) as reference material. 
 
Biomarker analyses 
For HBIs and sterol analyses, 5 g of freeze-dried and ground sediment was extracted with an 
Accelerated Solvent Extractor (DIONEX, ASE 200; 100°C, 5 min, 1,000 psi) using 
dichloromethane:methanol (2:1 vol/vol) as solvent. Beforehand, the internal standards 7-
hexylnonadecane (7-HND; 0.076 μg/sample) and cholesterol-d6 (cholest-5-en-3β-ol-D6; 10.1 
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μg/sample) were added for biomarker quantification. Hydrocarbons and sterols were 
separated via open column chromatography using SiO2 as stationary phase and 5 ml of n-
hexane followed by 6 ml of ethylacetate:n-hexane (2:8 vol/vol) as eluent, respectively. 
Sterols were silylated with 200 μl bis-trimethylsilyl-trifluoroacet-amide (BSTFA; 60°C, 2h) 
in the next step. Compound identification was carried out with coupled gas chromatography 
(GC) – mass spectrometry (MS; Agilent 7890B GC - Agilent 5977 A for HBI identification, 
Agilent 6850 GC - Agilent 5975 C for sterol identification). GC measurements were carried 
out with the following temperature setup: 60°C (3 min), 150°C (heating rate: 15 °C/min), 
320°C (heating rate: 10 °C/min), 320°C (15 min isothermal) for the hydrocarbons and 60°C 
(2 min), 150°C (heating rate: 15 °C/min), 320°C (heating rate: 3 °C/min), 320°C (20 min 
isothermal) for the sterols. Helium served as carrier gas (1 ml/min constant flow). Specific 
compound identification was based on the comparison of retention times and mass spectra 
with literature references (sterols: Boon et al., 1979; Volkman, 1986; HBIs: Belt et al., 2007, 
Brown and Belt, 2016). The concentration of each biomarker was calculated by setting its 
individual GC-MS ion responses in relation to those of respective internal standards. For the 
quantification of the sterols (quantified as trimethylsilyl ethers), the molecular ions m/z 470 
for brassicasterol (as 24-methylcholesta-5,22E-dien-3β-ol), m/z 472 for campesterol (as 24-
methylcholest-5-en-3β-ol), m/z 486 for β-sitosterol (as 24-ethylcholest-5-en-3β-ol) and m/z 
500 for dinosterol (as 4α,23,24R-trimethyl-5α-cholest-22E-en-3β-ol) were used in relation to 
the molecular ion m/z 464 for the internal standard cholesterol-d6. For the quantification of 
IP25 and HBI III, their molecular ions (m/z 350 for IP25 and m/z 346 for HBI III) were 
compared to the molecular ion m/z 266 for the internal standard 7-HND. The different 
responses of these ions were balanced by an external calibration curve (see Fahl & Stein, 
2012). All biomarker concentrations were normalised to the amount of extracted sediment 
and organic carbon (OC) content. 
To avoid over- or underestimating the sea ice signal, PIP25 indices were calculated following 
the equation of Müller et al. (2011): PBIP25 = IP25/(IP25+(brassicasterol*c)), where c is a 
balance factor to compensate significant concentration differences between IP25 and 
brassicasterol (c = mean IP25 concentration/mean brassicasterol concentrations). 
Additionally, PIIIIP25 indices were calculated using HBI III as phytoplankton marker.  
For GDGT analyses (performed at the Second Institute of Oceanography, State Oceanic 
Administration, Hangzhou, China), 5 – 10 g of sediment (freeze-dried, ground) was 
ultrasonically extracted using dichloromethane:methanol (3:1 vol/vol) as solvent. Prior to 
this step, the internal standard C46 (0.378 μg/sample) was added to the sample. The alcohol 
fraction containing GDGTs was eluted via open column chromatography using silica gel as 
stationary phase and dichloromethane:methanol (10 ml; 95:5 vol/vol) as solvent. Compound 
identification was performed with ultra performance liquid chromatography (Acquity) 
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coupled to atmospheric pressure chemical ionisation mass spectrometry (Xevo TQ MS). The 
GDGTs were eluted using E1(hexane):E2(hexane:isopropanol) (99:1 vol/vol), with 0.1% 
isopropanol for 0.5 min (flow rate: 0.2 ml/min), then with linear gradient up to 0.5% in 0.6 
min (3.5 min isothermal), followed by up to 1% in 1.4 min (2 min isothermal) and finally to 
0.1% (4 min isothermal). Single ion recording was set to scan [M+H]+ of isoprenoid glycerol 
dibiphytanyl glycerol tetraethers  (OH-GDGT-0, OH-GDGT-1, OH-GDGT-2, i-GDGT-0, i-
GDGT-1, i-GDGT-2, i-GDGT-3, Crenarchaeol, Cren’; m/z 1318, 1316,1314, 1302, 1300, 
1298, 1296, 1292, 1292, respectively) and [M+H]+ of the branched-GDGTs (b-GDGT Ia, b-
GDGT IIa, b-GDGT IIIa; m/z 1050, 1036, 1022, respectively). SSTs were calculated using 
the ring index of OH-GDGTs (Fig. A3), recommended for polar regions, following the 
equations presented by Lü et al. (2015): RI-OH’ = ([OH-GDGT-1] + 2*[OH-GDGT-
2])/([OH-GDGT-0] + [OH-GDGT-1] + [OH-GDGT-2]) and RI-OH’ = 0.0382 * SST + 0.1. 
All data are available online on PANGAEA. 
 
4.2.5. Results 
 
Lithology and ice rafted debris (IRD) 
 
In the lowermost part of the core (860 - 615 cm), the dominant lithotypes are silty clays 
intercalated by diamicton layers. An alternation of greyish, dark greyish and brownish 
coloured intervals can be observed. The overlaying sequence from 615 to 90 cm consists of 
clayey to silty clayey sediments with a greyish to brownish colour spectrum. Two layers of 
dark greyish colouration are conspicuous between 310 - 260 cm and 140 - 90 cm. The upper 
90 cm are composed of brownish sediments (Fig. A1). Various bioturbation traces are 
present throughout the entire record, except for short intervals around 730, 580, 510, 365 and 
275 cm (Fig. A1). Peak abundance of IRD (counted on x-radiographs) can be observed in the 
intervals 650 – 600, 250 – 200 and 145 – 120 cm, while lower amounts of IRD grains are 
found in 590 – 310 cm core depth (Fig. 4.2.2). 
 
Organic-geochemical bulk parameters 
 
The TOC content ranges from 0.2 to 1.3% with slightly enhanced values from 860 to 610 cm 
as well as distinct maxima from 310 to 250 cm and 140 to 90 cm (Fig. 4.2.2). The C/N ratio 
varies between 4 – 18 in the lowermost part of the core, then changes to slightly lower (~7) 
and more stable values above 610 cm and lowest values at the surface (~2). Similar to the 
TOC record, elevated values in the C/N ratio can be observed for the intervals from 310 – 
250 cm (up to 12) and 140 – 90 cm (up to 10). The carbonate record shows a highly 
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fluctuating signal around an average of 4% (Fig. 4.2.2). At 415 cm, a sharp rise to a 
maximum content of 12% occurs, followed by a sudden drop to mean values at 350 cm core 
depth. From 70 cm upwards, another sharp increase in the carbonate content occurs with 
peak values of 13% at the surface.  
The δ13Corg record is relatively balanced with values ranging between ~-23 to ~-25‰, except 
for short-term shifts to lighter values (-27‰) at 180 and 640 cm.  
Figure 4.2.2 Line-scan image, bulk parameter contents (IRD [nr. of grains (>2mm)/10 cm3], TOC [wt.%], 
carbonate [wt.%], C/N ratio, δ13Corg [‰]) and biomarker contents (IP25 [µg/g sediment], HBI III [µg/g sediment], 
brassicasterol [µg/g sediment], dinosterol [µg/g sediment], sum of terrigenous sterols: campesterol and β-
sitosterol [µg/g sediment]) of Core PS92/039-2 and Core PS92/039-3 (surface sample, red dot) against depth 
[cm]. Note that brassicasterol and dinosterol are moving synchronously and that brassicasterol is henceforth used 
as representative for the phytoplankton sterols. Grey shading highlights values lying above the mean.  
 
 
Biomarkers 
 
The biomarker concentrations vary synchronously and in phase throughout the entire record 
(Fig. 4.2.2). For the lowermost part of the core, highly fluctuating concentrations can be 
observed with maximum contents of 0.0030 µg/g sediment for IP25, 0.0120 µg/g sediment 
for HBI III, 0.61 µg/g sediment for brassicasterol, 0.15 µg/g sediment for dinosterol and 0.72 
µg/g sediment for the terrigenous sterols. At 680 cm core depth, biomarker contents decrease 
and remain at minimum concentrations to a depth of 390 cm. IP25 is mostly absent within 
this sequence. However, short-term excursions to elevated concentrations occur at 640, 530 
and 450 cm (up to 0.0014, 0.0025, 0.25, 0.09 and 0.29 µg/g sediment for IP25, HBI III, 
brassicasterol, dinosterol and the terrigenous sterols, respectively). The sediment sequence 
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between 390 and 90 cm shows a succession of intervals with either minimal to absent and 
relatively high to maximum biomarker contents (IP25, HBI III, brassicasterol, dinosterol and 
the terrigenous sterols reach maximum values of 0.0051, 0.0451, 0.72, 0.16 and 1.77 µg/g 
sediment, respectively). Most prominent peaks occur between 310 - 250 and 150 - 90 cm 
core depth. These peaks coincide with the most conspicuous excursions to higher values in 
the TOC and C/N records (Fig. 4.4.2). At 90 cm, a drop of all biomarkers to minor 
concentrations is observed that continues to the uppermost core interval. Between 90 and 40 
cm, IP25 is completely absent. The surface sample shows enhanced biomarker contents of 
0.0071 µg/g sediment for HBI III for IP25, 0.0050 µg/g sediment for HBI III, 1.32 µg/g 
sediment for brassicasterol, 0.07 µg/g sediment for dinosterol and 0.46 µg/g sediment for the 
terrigenous sterols (Fig. 4.2.2). The absolute biomarker concentrations in the surface sample 
are several orders of magnitude higher than the downcore concentrations. This strong 
gradient refers to the early biogeochemical degradation of biomarkers in the water column 
and the upper centimetre of the sediment (Fahl and Stein, 2012; Belt and Müller, 2013). 
 
4.2.6. Discussion 
4.2.6.1 Age model 
 
The chronostratigraphy of Core PS92/039-2 is based on a combination of AMS14C dates 
(Table 4.2.2) as well as tie points obtained from core correlation and biostratigraphy (Table 
4.2.3). In the upper part of the core, a significant decrease in the carbonate content and a 
minimum followed by a maximum in the magnetic susceptibility log are correlated to 
corresponding trends at Core PS1533-3 (Figs. 4.2.1, 4.2.3).  
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Figure 4.2.3 Stratigraphic framework of Core PS92/039-2. The age tie points (black asterisks) derive from: the 
correlation of (1) a significant decrease in the carbonate content (light blue, dashed line), (2) a minimum followed 
by (3) a maximum in the magnetic susceptibility record (blue, dashed lines) to corresponding values at nearby 
Core PS1533-3 (Spielhagen et al., 2004), (4, 5, 6) radiocarbon ages (indicated as calibrated dates; ka B.P.), (7) 
the identification of Pullenia bulloides as stratigraphic marker for MIS event 5.1 (green asterisks; Haake and 
Pflaumann, 1989) and (8) a distinct decrease in the magnetic susceptibility correlated to Core PS1533-3 
(Spielhagen et al., 2004). An additional, independent confirmation of the age model is given by the correlation of 
the kARM/k ratio of Core PS92/039-2 to the global benthic δ18O record of Lisiecki and Raymo (2005). The 
kARM/k ratio of Core PS1533-3 is indicated for comparability (Nowaczyk et al., 1994). Interglacial minima in 
the global benthic δ18O stack are highlighted in red colouration and transferred to the kARM/k ratio of Core 
PS92/039-2. The ages of MIS boundaries are adopted in accordance to Lisiecki and Raymo (2005) and 
Thompson and Goldstein (2006) with grey shading referring to glacial intervals. The grey, hatched area indicates 
the sediment sequence identified as MIS 4 in the original age model of Core PS1533-3 (Spielhagen et al., 2004). 
The positions of the stage boundaries of MIS 4 in Core PS92/039-2 were calculated using linear interpolation and 
have to be considered as possible insecurity.  
 
 
This core is located in close vicinity to Core PS92/039-2 and has a well-established age 
model based on radiocarbon dates and δ18O stratigraphy for the last 30 ka (Spielhagen et al., 
2004). The correlation is further substantiated by similar deflections of the carbonate and 
magnetic susceptibility records observed in the nearby cores PS2212-3 (Vogt, 1997) and 
PS66/309-1 (Winkelmann et al., 2008a, 2008b). Further downcore, three AMS14C ages at 
150, 227.5 and 298 cm allow to pinpoint MIS 2 and 3 in Core PS92/039-2 (Table 4.2.2).  
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Table 4.2.2 Results of AMS14C. 
Lab-ID  Depth 
[cmbsf] 
Material Corrected Ages, 14C 
years 
Calibrated 
Ages 
     
BETA 452275 150 N.pachyderma sin. 28240±140 BP 29589 
BETA 425247 227.5 N.pachyderma sin. 38550±520 BP 40367 
NTUAMS-3357 298 N.pachyderma sin. 44187±2900 BP 44782 
Radiocarbon dates were corrected for a reservoir effect of 400 years (Stuiver and Braziunas, 1993; Sarnthein and 
Werner, 2017) and converted to calendar ages (ka) using the CALIB 7.1 calibration programme and the ‘‘Marine 
13’’ calibration data set (Stuiver and Reimer, 1993; Reimer et al., 2013).  
 
The distinct minima in magnetic susceptibility and magnetic grain size sensitive kARM/k 
ratio in Core PS92/039-2 at 320 to 260 cmbsf, based on AMS14C dating slightly younger 
than 44.8 ka, can be correlated well to corresponding values of Core PS1533-3 (Fig. 4.2.3). 
Originally, these minima in Core PS1533-3 were dated to MIS 4 (Spielhagen et al., 2004), 
but our new data suggest a MIS 3 age. Further investigation is needed to clarify these 
discrepancies, this study, however, relies on the AMS14C ages. The occurrence of the 
biostratigraphic marker Pullenia bulloides at 388 cm (Peeken, 2016) is considered to 
indicate MIS event 5.1 (~81 ka, Haake and Pflaumann, 1989), as in the cores PS2212-3, 
PS2122 and PS2123 (Vogt, 1997; Vogt et al., 2001). The MIS 5/6 boundary is well-defined 
in nearby Core PS1533-3, based on 10Be- and δ18O-stratigraphy (Nowaczyk et al., 1994; 
Spielhagen et al., 2004).  
 
Table 4.2.3 Age fix points of the age model of Core PS92/039-2. 
Depth [cmbsf] Age [cal. ka B.P.] Marine Isotope Stage Fix point Origin 
    
65 11.35 1 1 
104.5 15.92 2 1 
128 17.87 2 1 
150 29.59 3 2 
227.5 40.37 3 2 
298 44.78 3 2 
388 81 5.1 3 
610 130 5/6 boundary 1 
Origin of the age fix points: (1) correlation of carbonate content and magnetic susceptibility to nearby Core 
PS1533-3 (Spielhagen et al., 2004), (2) AMS radiocarbon dates, (3) occurrence of the benthic foraminifera 
Pullenia bulloides, a stratigraphic marker for event 5.1 (~81 ka) in the polar North Atlantic (Haake and 
Pflaumann, 1989). Note that AMS14C ages used in the age model of Core PS1533-3 were corrected for a 
reservoir effect of 400 years and calibrated using the CALIB 4.3 programme (Spielhagen et al., 2004) and that the 
exact ages of the correlation tie points were calculated using linear interpolation. The ages of MIS boundaries are 
adopted in accordance to Lisiecki and Raymo (2005) and Thompson and Goldstein (2006).  
 
 
A decrease of the magnetic susceptibility at this transition is also recorded for the cores 
PS2212-3 (Nowaczyk et al., 1994) and PS66/309-1 (Winkelmann et al., 2008b) and for Core 
PS92/039-2, ensuring a clear allocation of this stage boundary to 610 cm core depth. 
According to linear extrapolation, the core base is of early MIS 6 age (~180 ka; Fig. 4.2.4). 
This estimation is, however, unrealistic given the fact that the sedimentation rates of MIS 6 
most likely differ from those of MIS 5. Previous studies north of Spitsbergen described 
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significantly higher sedimentation rates in MIS 6 compared to the following MIS 5 interval 
(Knies et al., 2001; Stein et al., 2001; Winkelmann et al., 2008a). In the neighbouring Core 
PS66/309-1, the sedimentation rates of MIS 6 exceed those of MIS 5 by a factor of ~2 
(Winkelmann et al., 2008a). Assuming similar changes for Core PS92/039-2, the more 
probable age of the core base is ~160 ka (Fig. 4.2.4).  
 
Figure 4.2.4 Age-depth model and sedimentation rates [cm/ky] for the cores PS92/039-2 (black), PS1533-3 
(green, green crosses indicate age tie points) and PS2123-3, PS2122-2, PS2212-3, PS66/309-1 (pale print). 
Calibrated radiocarbon dates with error bars are highlighted in red. Black crosses indicate age tie points obtained 
from biostratigraphy and correlation of the carbonate and magnetic susceptibility records to nearby Core PS1533-
3 (Spielhagen et al., 2004). A linear interpolation is used to calculate ages in between these age tie points. MIS 
boundaries (according to Lisiecki and Raymo [2005] and Thompson and Goldstein [2006]) are indicated by 
dashed lines, blue shading refers to glacial intervals. The positions of the stage boundaries for MIS 4 were 
calculated using a linear interpolation and have to be considered as possible insecurity. According to linear 
extrapolation, the age of the core base is ~180 ka (option b). However, previous studies north of Spitsbergen 
described significantly higher sedimentation rates in MIS 6 compared to the following MIS 5 interval (Knies et 
al., 2001; Stein et al., 2001; Winkelmann et al., 2008a). Assuming similar changes for Core PS92/039-2, the more 
probable age of the core base is ~160 ka (option a). 
 
 
An additional, independent confirmation of this age model is given by the mineral magnetic 
data, i.e., the kARM/k ratio representing a magnetic mineral grain size proxy. Previous 
studies have described a noticeable similarity between the kARM/k ratio and δ18O data 
(Nowaczyk et al., 1994; O’Regan et al., 2008; Xuan et al., 2012). Thus, the correlation of 
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this ratio at Core PS92/039-2 to the global benthic δ18O record of Lisiecki and Raymo (2005) 
seems to support our proposed age model and allows a tentative definition of the substages 
MIS 5a, 5c and 5e (Fig. 4.2.3). However, one should keep in mind that the relation between 
these parameters is not fully understood so far and that other factors, such as post-
depositional diagenesis, might have an impact on magnetic grain size fluctuations (Xuan et 
al., 2012). 
 
4.2.6.2 Organic carbon accumulation at the Yermak Plateau related to sea ice – ice sheet 
coupling 
 
Distinct layers rich in terrigenous OC have been traced in cores along the northern Eurasian 
margin of the Arctic Ocean during the late Quaternary (e.g., Elverhøi et al., 1995; Knies and 
Stein, 1998; Stein et al., 2001; Vogt et al., 2001; Birgel and Stein, 2004; Winkelmann et al., 
2008a). Coinciding with episodes of intense glaciation on Svalbard, these intervals were 
linked to movements of the SBIS. Probable source areas for the terrigenous organic matter 
are the outcropping OC-rich Mesozoic bedrocks in the northern Barents Sea and on the 
Spitsbergenbanken (Elverhøi et al., 1989, 1995).  
Winkelmann et al. (2008a) investigated this phenomenon in more detail on a series of cores 
reflecting the paleoceanographic situation of the Sophia Basin north of Svalbard over the last 
200 ka. At least five sediment layers possessing similar mineralogical, sedimentological and 
organic-geochemical features could be correlated and were termed “Terrigenous Input 
Events” (TIEs). The most striking features of these intervals are enhanced OC contents, 
elevated C/N ratios, lowest to zero carbonate contents and coarser grain sizes. The 
chronology of the TIEs was assigned to the onset of the late Saalian glaciation (TIE 4), 
Termination II (TIE 3), the onset and termination of the Mid Weichselian glaciation (TIE 2), 
the LGM (TIE 1) and Termination I (TIE 0). No increased terrigenous input has been 
observed in connection with the supposed glaciation around 110 ka (Mangerud et al., 1998), 
suggesting that this phase of ice sheet formation was probably more pronounced at the 
western continental margin of Svalbard (Winkelmann et al., 2008a). 
In Core PS92/039-2 from the eastern Yermak Plateau, three comparable sediment horizons 
can be identified for the last 160 ka (Fig. 4.2.6). According to the high concentration of OC, 
these horizons are visually conspicuous because of their dark greyish colour (Fig. 4.2.2). The 
predominance of terrigenous OC is indicated by elevated C/N ratios and a tendency to lighter 
δ13Corg values. Meanwhile, the carbonate content is significantly lowered. In addition to these 
features that were thoroughly described by previous studies, our biomarker data complete the 
overall picture of these events with regard to sea ice conditions at that time. All intervals are 
characterised by peak accumulation rates of the sea ice proxy IP25 synchronously with 
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maximum fluxes of the marine biomarkers brassicasterol, dinosterol and HBI III and the 
landplant-derived sterols campesterol and β-sitosterol (Fig. 4.2.2). Hence, conditions must 
have been favourable for both sea ice and open water algal growth accompanied by a 
continuous input of terrigenous material. These processes were previously reported as typical 
features along the ice edge (Smith, 1987, Stein et al., 2016a). Terrigenous material is 
entrapped during the formation of new sea ice in the Kara and Laptev Sea shelf regions, 
transported via the Transpolar Drift and released at the ice edge due to ablative processes 
(Reimnitz et al., 1994; Stein et al., 1994). The resulting high-nutrient suspension in the 
surface water facilitates primary productivity (Sakshaug, 2004). As carbonate dissolution is 
often enhanced in areas of high productivity and seasonal sea ice formation, this might 
explain the low carbonate content during these events (Knies, 1994; Steinsund and Hald, 
1994). For sea ice diatoms living in/at the underside of the ice, the environmental setting 
along the ice edge is most favourable due to light and nutrient availability (Fahl and Stein, 
2012). Such marginal sea ice conditions are indicated by PBIP25 indices between 0.5 and 0.75 
(Fig. 4.2.5).  
 
Figure 4.2.5 IP25 [µg/g OC] versus (A) brassicasterol [µg/g OC] and (B) HBI III [µg/g OC]. The classification of 
the different sea ice scenarios refers to Müller et al. (2011). The grey rectangle indicates PIP25 values of 1, 
representative for a permanent sea ice cover. As there is no empirical correlation between the PIIIIP25 index and 
sea ice conditions so far, a comparable relation was assumed and the categorisation of Müller et al. (2011) 
adopted. Orange crosses indicate data points from intervals of enhanced organic carbon accumulation on the 
Yermak Plateau.  
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The simultaneous input of marine and terrestrial organic matter is further reflected in the 
δ13Corg signature of these specific layers. Although the predominance of terrigenous organic 
matter is expressed by a shift towards lighter values, typical terrigenous endmember values 
around -27‰ (Fernandes and Sicre, 2000) are not reached. Obviously, the concurrent 
admixture of isotopically enriched phytoplankton (-20‰; Knies et al., 2003) and ice algae (-
15 to -8‰; Gibson et al., 1999) alters the δ13Corg signal. 
Figure 4.2.6 Fluctuations of the TOC content [wt.%], δ13Corg values [‰], the C/N ratio and the biomarker 
concentrations [µg/g sediment] against age [ka]. Accumulation rates of TOC [g cm-2 ky-1] and the biomarkers [µg 
cm-2 ky-1] are indicated as grey colouration. Note that the core age of ~160 ka is based on the assumption that the 
change in sedimentation rate between MIS 5 and MIS 6 is similar to observations in adjacent cores (Knies et al., 
2001; Stein et al., 2001, Winkelmann et al., 2008a). Age tie points are indicated by triangles, filled triangles 
represent calibrated radiocarbon ages. Brown shading refers to sequences of synchronously enhanced contents of 
terrigenous organic carbon, IP25, the phytoplankton markers (brassicasterol, HBI III) and the terrigenous sterols 
(β-sitosterol, campesterol), whereby the darker colour highlights the most conspicuous intervals. OH-GDGT-
based SST estimates (after Lü et al., 2015) in the range of -2.5 to 2.5°C highlight the throughout close proximity 
to the sea ice margin. Todays mean summer and winter SSTs in the study area are indicated by dashed red and 
blue lines, respectively (cf., Sarnthein et al., 2003). On the right side, the summer insolation at 82°N (Laskar et 
al., 2004), the extent of the Svalbard Barents Sea Ice Sheet (SBIS; Mangerud et al., 1998; Winkelmann et al., 
2008a) and the inflow strength of Atlantic Water (Spielhagen et al., 2004) are illustrated for the last 160,000 
years. 
 
 
The chronology of the OC events at the Yermak Plateau (PS92/039-2) seems to be connected 
to major deglaciation intervals on Svalbard (Fig. 4.2.6; cf., Winkelmann et al., 2008a). As 
the SBIS started to retreat after its maximal extensions around 140, 60 and 20 ka, enormous 
discharges of glacially eroded material took place. Captured by meltwater plumes and dense 
bottom currents, the reworked material spread along the northern continental margins (Knies 
and Stein, 1998). The lateral advection of the fine material to the core site significantly 
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supported the preservation of organic matter released at the nearby ice margin. Knies and 
Stein (1998) found highest sedimentary contents of marine organic matter in the northern 
Barents Sea as a result of scavenging on reworked terrigenous particles (“mineral ballast 
effect”). The formation of aggregates enables an efficient vertical transport through the water 
column and a subsequent burial at the sea floor (Ittekot et al., 1992; Knies and Stein, 1998). 
A more detailed evaluation of the individual events with regard to the predominant 
paleoceanographic situation is given in the following chapter. 
 
4.2.6.3 Sea ice variations at the eastern Yermak Plateau over the last 160 ka 
The Saalian (MIS 6; 160 – 130 ka) 
 
Reconstructions of the QUEEN (Quaternary Environment of the Eurasian North) programme 
revealed that the Saalian glacial was the most extensive glaciation in northern Eurasia during 
the late Quaternary (Svendsen et al., 2004). Ice sheets covered the Barents and Kara Seas to 
the shelf edge and probably the Severnaya Zemlya Archipelago (Polyak et al., 2001; 
Astakhov, 2004; Jakobsson et al., 2016). On the shelves north of Svalbard, some areas show 
streamlined patterns on the sea floor in water depths of up to 800 m with a proposed age of 
the MIS 6 glaciation (e.g., Vogt et al., 1994; Dowdeswell et al., 2010; Jakobsson et al., 
2010). Possible explanations for the observed features include the northward expansion of 
the SBIS onto the Yermak Plateau, the grounding of large fragments of glacial ice, an 
armada of deep icebergs and the existence of a pan-Arctic ice shelf (Svendsen et al., 2004; 
Dowdeswell et al., 2010; Jakobsson et al., 2016).  
Based on our biomarker records of Core PS92/039-2, there is no indication for an ice sheet 
covering the northern Yermak Plateau throughout the entire MIS 6. The sea ice proxy IP25 
fluctuates around mean values of 0.001 µg/g sediment intercalated by short intervals of near 
zero contents (Fig. 4.2.6). Nonetheless, a more or less continuous input can be observed 
during this interval, indicating seasonally open-water conditions. Simultaneously with 
enhanced IP25 fluxes, increased accumulation of the phytoplankton (brassicasterol, 
dinosterol, HBI III) and terrigenous (campesterol, β-sitosterol) biomarkers can be observed 
during most parts of MIS 6, suggesting the presence of marginal sea ice cover at the Yermak 
Plateau at that time. A combination of katabatic winds from the protruded SBIS and 
upwelling of relatively warm AW along its shelf break might have triggered the formation of 
a coastal polynya along the northern Barents Sea margin (cf., Knies et al., 1999; 2000; Stein 
et al., 2017a) with the parallel formation of a stationary ice margin at the eastern Yermak 
Plateau (Fig. 4.2.8). A similar MIS 6 scenario is described for the East Siberian continental 
margin, where the northward extension of the East Siberian Chukchi Ice Sheet (Niessen et 
al., 2013) probably triggered the formation of a polynya in front of it, enabling ice diatom 
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and phytoplankton production at the southern Lomonosov Ridge (Stein et al., 2017a). 
Relatively high OC contents of predominantly terrigenous origin (low δ13C values, high C/N 
ratios) indicate the input of glacially eroded material along the Eurasian continental margin 
at that time (Knies et al., 2000, 2001). The distinct variability of the biomarker and the 
organic-geochemical bulk parameter records may indicate rather unstable oceanographic 
conditions. The stratification of MIS 6 sediments in Core PS92/039-2 further implies several 
alterations of the environmental and sedimentary regime (Fig. 4.2.2). This means that the sea 
ice margin may have shifted back and forth several times during MIS 6, probably linked to 
the glaciation mode of Svalbard. An unstable behaviour of the SBIS, with repeated waxing 
and waning to the outer shelf, is reported for late MIS 6 as a result of episodically intensified 
advection of warm AW (Knies et al., 2001; Matthiessen et al., 2001). Similar occasional 
destabilisation of the ice sheet might have occurred in the course of strengthened AW inflow 
around 145, 165 and 180 ka (Lloyd et al., 1996; Hebbeln and Wefer, 1997; Wollenburg et 
al., 2001).  
 
Figure 4.2.7 PIP25 indices for Core PS92/039-2 from the eastern Yermak Plateau over the last 160,000 years. 
Note that the core age of ~160 ka is based on the assumption that the change in sedimentation rate between MIS 5 
and MIS 6 is similar to observations in adjacent cores (Knies et al., 2001; Stein et al., 2001, Winkelmann et al., 
2008a). PBIP25 indices are calculated using the sterol brassicasterol as phytoplankton marker, while PIIIIP25 
indices include the tri-unsaturated HBI III as open water counterpart. The coloured area displays the floating 
average of three data points. The classification of the different sea ice scenarios refers to Müller et al. (2011), 
whereby the dark to light grey shading indicates the transition from extended to less sea ice cover. As there is no 
empirical correlation between the PIIIIP25 index and sea ice conditions so far, a comparable relation was assumed 
and the categorisation of Müller et al. (2011) adopted. Age tie points are indicated by triangles, filled triangles 
represent calibrated radiocarbon ages. For the last 40 ka, a comparison with PBIP25 indices for Core PS2837-5 
from the western Yermak Plateau is given (Müller et al., 2009; Stein et al., 2012; Müller and Stein, 2014). 
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A drop to zero fluxes of IP25 and minimum fluxes of the phytoplankton markers as well as 
related PBIP25 and PIIIIP25 maxima towards the end of MIS 6 indicates the establishment of 
more severe ice cover at the Yermak Plateau (Fig. 4.2.7). The sea ice margin possibly 
followed the southward migration of the SBIS as the coastal polynya in front of the ice sheet 
formed back. Now covering the Yermak Plateau with perennial sea ice, any primary 
production or material release is prohibited (Fig. 4.2.8). An alternative explanation might be 
a short expansion of the SBIS onto the Yermak Plateau. However, the biomarker data allow 
no differentiation between a perennial sea ice cover and a km-thick ice shelf. 
The collapse of major parts of the SBIS after the Penultimate Glacial Maximum around 140 
ka (Colleoni et al., 2016) was linked to increasing insolation coupled to strengthened inflow 
of AW along the western Svalbard Archipelago (Spielhagen et al., 2004). In Core PS92/039-
2, peak contents of terrigenous OC (C/N ratio ~15) accompanied by slightly enhanced 
biomarker abundances may indicate the influence of the distinct meltwater event 
reconstructed by previous studies around Termination II (Knies et al., 2001; Knies and Vogt, 
2003; Spielhagen et al., 2004). Winkelmann et al. (2008a) described increased OC 
accumulation at times of “Terrigenous Input Event 3”. Fed by the thawing ice sheet, such 
meltwater plumes flow downslope and incorporate fine-grained, mainly terrigenous sediment 
on the way (cf., Birgel and Hass, 2004). By absorption onto these suspended particles, 
marine organic matter produced in the nearby MIZ may have been transported to areas 
covered by perennial sea ice, hence, the Yermak Plateau during that time (Soltwedel et al., 
2000; Rutgers van der Loeff et al., 2002). 
 
The Eemian and the early Weichselian (MIS 5; 130 – 71 ka) 
 
During MIS 5, biomarker concentrations are variable, but among their lowest values in the 
entire record (Fig. 4.2.6). The resulting PBIP25 and PIIIIP25 indices indicate most severe ice 
conditions with perennial sea ice cover (Fig. 4.2.7). The presence of sea ice is further 
indicated by (summer) SSTs below 2.5 °C (Fig. 4.2.6; cf., Sarnthein et al., 2003). The IRD 
signal is strongly diminished, additionally suggesting a closed ice cover. In contrast to that, 
previous studies described MIS 5 as a period characterised by SSTs comparable to the recent 
or even warmer ones (e.g., Matthiessen and Knies, 2001; Matthiessen et al., 2001; 
Spielhagen et al., 2004, Bauch, 2013). Along the Barents Sea continental margin, the 
presence of sea ice was significantly reduced, especially during the interstadials MIS 5e, 5c 
and 5a (Wollenburg et al., 2001; Chauhan et al., 2014; Stein et al., 2017a). However, these 
observations mainly derive from cores situated directly within the inflow path of AW to the 
Arctic Ocean. Upwelling of this relatively warm water mass might have triggered the 
formation of open water areas on the shelves west and north of Svalbard, especially in 
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combination with the insolation maxima around 125, 100 and 80 ka (Laskar et al., 2004).  
Nonetheless, the more interior parts of the Arctic Ocean remained unaffected (or affected to 
a lesser degree) by the inflow of warm AW and experienced predominantly permanent ice 
conditions (Stein et al., 2017a) with the summer sea ice boundary positioned slightly 
southward of the core position of PS92/039-2 on the eastern Yermak Plateau. However, the 
abundance of various ichnofossils throughout MIS 5 might indicate occasional nutrient 
transfer to the seafloor caused by ephemeral break-up of the sea ice cover (Fig. A1). 
Figure 4.2.8 Overview map and schematic illustration of the sedimentation regime along a transect from the 
northern coast of Svalbard to the Yermak Plateau (black line) for different settings: (8a, b) scenario for full 
glacial conditions with major glaciation on Svalbard and (8c, d) scenario for interglacial conditions with no 
glaciation on Svalbard. The core position of Core PS92/039-2 is indicated in red. The white shading in 8a refers 
to the extent of the Svalbard Barents Sea Ice Sheet (SBIS), the white crosshatched shading indicates the potential 
sea ice extent. The thick, light arrow in 8b illustrates the hypothesised advance of the SBIS during MIS 6 that 
could not be unambiguously identified in the biomarker records of PS92/039-2.  Red arrows indicate Atlantic 
Water entering the Arctic Ocean via the Fram Strait. Blue, green and brown shadings in 8b and 8d mark the input 
of ice algae, open-water phytoplankton and terrigenous material, respectively. The related sedimentary contents 
of IP25, the phytoplankton markers and the terrigenous markers as well as PBIP25 indices are indicated.  
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Two phases of moderately enhanced IP25 and phytoplankton marker fluxes and resulting 
lowered PBIP25 and PIIIIP25 indices around 112 and 95 ka indicate phases of reduced sea ice 
cover. This is further supported by slightly enhanced input of the terrigenous sterols 
implying a release of material trapped in sea ice due to melting processes. The intervals 
coincide with distinct insolation minima and might represent the colder substages 5d and 5b 
(Fig. 4.2.6; cf., Laskar et al., 2004). Terrestrial mapping and OSL (optically stimulated 
luminescence) dating of tills suggest the presence of huge ice sheets covering northern 
Siberia and the Kara Sea to the shelf edge during the early Weichselian glaciation (MIS 5d-
b; Svendsen et al., 2004), coinciding with an extended sea ice cover at the northern Barents 
Sea continental margin (Stein et al., 2017a). Observations from the western continental 
margin of Svalbard indicate a major ice sheet advance during substage 5d followed by a less 
pronounced, more local one during 5b (Mangerud et al., 1996, 1998). In any case, no 
indication for a major glaciation of the shelf regions northeast of Svalbard could be 
identified during this period (Knies et al., 1999, 2000, 2001; Winkelmann et al., 2008a). In 
Core PS92/039-2, the almost constant records of the OC content and the C/N ratio clearly 
indicate a reduced input of glacially reworked material from the Svalbard region. However, 
minor northward advances of the SBIS might have triggered ephemeral break-up of the 
permanent ice cover above the Yermak Plateau, permitting some ice diatom and 
phytoplankton production. These intervals of seasonally open water are further recorded by 
moderate IRD input. However, the age control within MIS 5 needs to be improved in order 
to interpret the paleoceanographic situation in more detail. 
 
The middle Weichselian (MIS 4 and 3; 71 – 29 ka) 
 
An interval of enhanced AW inflow is recorded in cores along the northern Barents Sea 
continental margin for late MIS 5 and early MIS 4 (e.g., Matthiessen and Knies, 2001; 
Wollenburg et al., 2001; Chauhan et al., 2014). It is suggested that the resulting open-water 
areas in the Nordic Seas and parts of the Arctic Ocean acted as essential moisture sources for 
the subsequent ice sheet growth initiated by declining insolation (minimum around 72 ka; 
Laskar et al., 2004). Spielhagen et al. (2004) even claimed an “optimum combination” of 
AW intrusion (moisture supply) and climatic conditions (temperature and pressure gradients) 
for MIS 4, leading to fast glaciation of northern Eurasia. First evidence for an ice sheet 
advance on Svalbard is reflected in the IRD records from Core PS2138-1 between 75 and 70 
ka (Knies et al., 2000, 2001). Coevally, ice diatom and phytoplankton production increased 
at the Yermak Plateau, indicated by rising sedimentary abundances of IP25, brassicasterol 
and HBI III in Core PS92/039-2. Higher fluxes likely occurred as a result of reduced ice 
thickness, hence better light penetration and nutrient availability. As these enhanced 
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abundances are also reflected in the content of the terrigenous biomarkers, the establishment 
of a stationary sea ice margin above the Yermak Plateau seems to accompany the MIS 5/4 
transition. This is also in accordance with a decrease in the PBIP25 and PIIIIP25 indices 
indicating less severe and probably marginal sea ice cover. Similar to MIS 6, the formation 
of a coastal polynya in front of the protruding ice sheet might have led to a northward shift 
of the sea ice margin. However, no enhanced input of glacially eroded material from 
Svalbard is evident in Core PS92/039-2 at that time (TOC ~0.6%, C/N ratio ~8; Fig. 4.2.6). 
As already suggested by other studies from the region, a more restricted ice sheet expansion 
during MIS 4 is likely. The greater distance of the ice shelf edge is also indicated by lower 
bulk accumulation rates compared to the glacial MIS 6 and 2 (Fig. 4.2.6; Knies et al., 2000). 
Hence, the intensive intrusion of AW in early MIS 4 might have been more decisive for the 
formation of wide ice-free areas north of Svalbard than the extent of the SBIS. As the inflow 
weakens, the sea ice cover rapidly thickens, marked by a sudden drop of biomarker 
concentrations around 67 ka. Near zero biomarker and OC fluxes highlight the presence of a 
permanent ice cover at the Yermak Plateau until 50 ka, inhibiting primary production and the 
release of terrigenous material.  
Exceptionally high accumulation rates of the sea ice proxy IP25, OC and marine and 
terrigenous sterols reveal an enormous material discharge between 50 and 42 ka. A distinct 
rise in the C/N ratio highlights the predominantly terrigenous origin of the organic matter. 
Previous studies associated early MIS 3 with a series of meltwater events (Mangerud et al., 
1998; Knies et al., 2000; Chauhan et al., 2014), probably steered by the northward 
breakthrough of huge meltwater lakes in the Siberian hinterland (Spielhagen et al., 2004). 
Fine-grained sediments were flushed off the shelf areas of the Kara and Barents Seas by 
huge meltwater plumes and laterally advected to the core site at the Yermak slope. The 
resulting high sedimentary fluxes probably promoted the burial and preservation of material 
released at the nearby ice margin (Knies and Stein, 1998). Creating a stratified water column 
with a thick freshwater layer on the surface, this outburst would have encouraged the 
formation of new sea ice and, in turn, delayed the deglaciation due to a significant cooling of 
the ocean triggered by positive ice albedo feedback mechanisms (Ruddiman and McIntyre, 
1981). Indeed, late MIS 3 is characterised by more severe ice conditions above the Yermak 
Plateau, indicated by PBIP25 indices mostly between 0.7 and 1 (Fig. 4.2.7). The general close 
proximity to the sea ice margin seems to be supported by SSTs between -2.5 and 2.5°C (Fig. 
4.2.6; cf., Sarnthein et al., 2003). Two sequences of slightly enhanced fluxes of OC as well 
as sea ice, phytoplankton and terrigenous biomarkers can be observed around 38 and 33 ka 
(Fig. 4.2.6). Significantly smaller in amplitude than the event observed around 45 ka, these 
might reflect a more local influence of the ongoing deglaciation of the Eurasian hinterlands 
during MIS 3. The continuous input of glacially eroded material along the western 
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continental margin of Svalbard points to a maintenance of minor glaciations on Svalbard 
prior to the renewed ice sheet growth during latest MIS 3 (Spielhagen, 1991). The trigger for 
the episodical ice sheet disintegration might be associated with intervals of enhanced inflow 
of relatively warm AW during MIS 3 (Dokken and Hald, 1996; Hald et al., 2001). These so-
called “Nordway Events” (Hebbeln and Wefer, 1997) are characterised by increased 
biological productivity and thus open water conditions in parts of the Nordic Seas and the 
Fram Strait (Hebbeln et al., 1994; Dokken and Hald, 1996; Rasmussen and Thomsen, 2008). 
The enhanced sedimentary biomarker abundances in Core PS92/039-2 that might be 
correlated with these events, imply a close proximity to the highly productive MIZ 
throughout MIS 3. The material discharge associated with the ice sheet decay on Svalbard 
probably fostered the burial and preservation of the organic matter produced at the nearby 
ice edge.  
 
The late Weichselian and Holocene (MIS 2 and 1; 29 – 0 ka) 
 
The variability of sea ice cover at the western Yermak Plateau (i.e., Core PS2837-5; Fig. 
4.2.1) was studied in detail by Müller et al. (2009) for the last 30 ka. Due to a comparably 
low sample resolution for this time interval in Core PS92/039-2, only a rough comparison of 
the two core sites with regard to sea ice conditions is possible. 
For most of the time interval between 30 and 20 ka, near zero contents of IP25 and 
brassicasterol suggest the presence of perennial sea ice at the western Yermak Plateau. This 
is followed by a gradual rise of IP25 and brassicasterol indicating improved conditions for ice 
diatom and phytoplankton growth. The resulting PBIP25 index reveals the prevalence of 
seasonal sea ice that continues trough the Holocene (Fig. 4.2.7; Müller et al., 2009). The 
eastern Yermak Plateau (i.e., Core PS92/039-2), on the other hand, experienced extended sea 
ice around 30 ka, followed by an interval predominated by marginal sea ice (Fig. 4.2.7). 
Similar to the glaciations during MIS 6 and 4, katabatic winds from the protruding ice sheet 
and/or strengthened AW intrusion probably led to the formation of a coastal polynya north of 
Svalbard (Fig. 4.2.8). After reaching minimum insolation during the Last Glacial Maximum 
~20 ka, the SBIS became more unstable (Knies et al., 2000; Chauhan et al., 2014). Rapid 
disintegration started around ~15 ka with the onset of the Bølling warm period (Ruddiman 
and McIntyre, 1981; Fairbanks, 1989; Rasmussen et al., 2002). Coincidently, peak 
accumulation rates of terrigenous OC, IP25 and the phytoplankton markers in Core 
PS92/039-2 indicate huge material discharge associated with the deglaciation process (Fig. 
4.2.6). Winkelmann et al. (2008a) described the enhanced lithogenic flux observed in cores 
along the northern Barents Sea continental margin at that time as “Terrigenous Input Event 
0”. The final retreat of the ice sheet to the coastline of Svalbard around 13 ka (Landvik et al., 
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1998; Mangerud et al., 1998; Hughes et al., 2016) apparently resulted in the re-establishment 
of perennial sea ice at the eastern Yermak Plateau, indicated by a sudden drop of biomarker 
contents in Core PS92/039-2. Like the western Yermak Plateau, the eastern part experienced 
seasonal sea ice during the late Holocene, indicated by enhanced biomarker fluxes in Core 
PS92/039-2 (Fig. 4.2.6). 
Taken together, the sea ice conditions at both core sites follow a comparable trend with a 
few discrepancies probably indicating the local environmental forces. Hence, the eastern 
Yermak Plateau seems to be more strongly influenced by the northward expansion of the 
SBIS while the western part is likely more impacted by AW that flows along its western 
flank. 
 
4.2.7 Conclusions 
 
Our biomarker-based reconstruction of sea ice conditions at the eastern Yermak Plateau 
during the last 160 ka reveals novel information about the complex interplay between sea ice 
and different environmental forces that decisively affect the sedimentation regime 
throughout glacial-interglacial cycles. Our study suggests that a simplified scenario with 
more sea ice during glacials and less sea ice during interglacials is not constantly applicable 
for the study area. 
The following statements can be made: 
• During glacial intervals, the eastern Yermak Plateau experienced periodically 
marginal sea ice conditions. The combination of katabatic winds from the protruding 
SBIS in combination with upwelling of warm Atlantic Water along its shelf edge 
probably led to the formation of a coastal polynya north of Svalbard with 
contemporaneous sea ice margin occurrence in the vicinity of the site of Core 
PS92/039-2. 
• An advance of the SBIS onto the Yermak Plateau throughout the (entire) Saalian 
glaciation can not be supported by our new biomarker data. However, the 
environment north of Svalbard appeared to be a highly dynamic system during MIS 
6 with repeated waxing and waning of the SBIS to the outer shelf and possibly 
temporary onto the Yermak Plateau. 
• Severe, but variable sea ice cover prevailed at the Yermak Plateau during 
interglacial periods.  
• Maximum fluxes of OC, IP25 and the phytoplankton and terrigenous biomarkers can 
be observed during deglaciation phases, when meltwater plumes from the 
disintegrating ice sheets in northern Eurasia spread high amounts of glacially 
reworked material along the continental margins.  
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• The comparison of the sea ice variability between the eastern and the western 
Yermak Plateau over the last 30 ka highlights the regional impact of different 
environmental forces like ice sheet extent and Atlantic Water inflow. 
 
Acknowledgements 
We thank the captain and the crew of RV Polarstern for excellent cooperation during the 
TRANSSIZ cruise PS92 (grant-no. AWI_PS92_00) in 2015. Thanks to W. Luttmer for 
technical support during the laboratory work and to Ingrid L. Olsen and Sigrun Hegstad for 
supporting the acquisition of the line-scan images. Thanks to Simon Belt and colleagues 
(Biogeochemistry Research Centre, University of Plymouth) for providing the internal 
standard for the IP25 analyses. The paper is a contribution to the German-Chinese project 
with the title “Natural variability of Arctic sea ice and its significance for global climate 
change and OC cycle”. Financial support was given by the Federal Ministry of Education 
and Research (BMBF, project-no. 01DO14004), the National Natural Science Foundation of 
China (project-no. 41406217) and by the Swedish Research Council (grant no. 2014-4108). 
The authors would like to thank the editor and two anonymous reviewers for their thorough 
and helpful comments to improve the manuscript.  
 
 
 
 
 
 
 
 
 
 
 
 
4.3 A 190 ka biomarker record revealing interactions between sea ice, Atlantic Water 
inflow and ice sheet activity in eastern Fram Strait 
Kremer, A., Stein, R., Fahl, K., Bauch, H., Mackensen, A., Niessen, F. 
Abstract 
 
The northeastern Fram Strait at the entrance to the Arctic Ocean represents a key observatory 
for sea ice reconstructions as it sensitively reacts to environmental changes. A combined 
biomarker approach (HBIs, sterols, alkenones) was carried out on Core PS93/006-1 from the 
western Svalbard margin to reconstruct sea ice conditions related to glacial-interglacial 
cycles of the last 190 ka. The continuous presence of sea ice demonstrates the strong 
influence of polar water masses in the eastern Fram Strait. Glacial intervals are characterised 
by extended sea ice conditions with perennial sea ice cover during early MIS 6, the 
Penultimate Glacial Maximum, the interstadial MIS 5d, MIS 4 and the Last Glacial 
Maximum. Less severe, yet highly variable, sea ice conditions with more frequent summer 
melt dominated the interglacial stages. The opposing sea ice conditions along the western 
and northern Svalbard margin highlight the different regional impact of various 
environmental forces in eastern Fram Strait. Thus, the major expansion of the Svalbard 
Barents Sea Ice Sheet favoured the formation of perennial sea ice west of Svalbard while it 
triggered the establishment of marginal ice cover on the Yermak Plateau. 
 
4.3.1. Introduction 
 
The Arctic realm is a central area in the ongoing debate around climate change as it mirrors 
the global warming trend strongly amplified (Serreze and Francis, 2006; Screen and 
Simonds, 2010; Miller et al., 2010). In turn, the Arctic Ocean with its permanent to seasonal 
sea ice cover plays a critical role in maintaining climatic stability worldwide (Yang and 
Christensen, 2012). Arctic sea ice significantly influences the Earth’s energy budget through 
albedo feedback mechanisms at the ocean’s surface (Hall, 2004). The release of brines 
during the formation of seasonal sea ice contributes to deepwater convection, an important 
trigger of the thermohaline circulation (Broecker, 1997; Dieckmann and Hellmer, 2008; 
Rudels, 2015). The dramatic decline of Arctic sea ice observed in recent decades (Stroeve et 
al., 2012; Meier et al., 2014) is therefore alarming, particularly as it exceeds the forecasts of 
common climate models (Serreze and Barry, 2011). Consequently, a completely ice-free 
Arctic Ocean during summer may be attained by the end of this century (Overland and 
Wang, 2013; Stocker et al., 2013). The related freshening of the North Atlantic has the 
potential to disrupt or slow down the global conveyor belt (Haine et al., 2015; Ionita et al., 
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2016; Yang et al., 2016). In order to fully assess the far-reaching consequences of this trend, 
the reconstruction of past sea ice variations is key. The sea ice proxy IP25 (C25 HBI [highly 
branched isoprenoids] monoene = IP25; Belt et al., 2007) is nowadays indispensable for sea 
ice reconstructions in the Arctic Ocean. Biosynthesised by specific Arctic sea ice diatoms 
(Belt et al., 2008; Brown et al., 2014), this molecule is predominantly found in areas covered 
by seasonal sea ice (Belt et al., 2007; Xiao et al., 2015a). By combining IP25 with marine 
open-water phytoplankton biomarkers, in form of the so-called PIP25 index (phytoplankton 
marker – IP25 = PIP25; Müller et al., 2011), an even more quantitative estimation of sea ice 
conditions is possible.  
The Fram Strait is a major gateway connecting the Arctic Ocean with the North Atlantic, 
hence the world oceans (Fig. 4.3.1). Herein, the sea ice distribution is decisively influenced 
by the variable strength of the inflowing Atlantic and the outflowing polar water masses. 
Therefore, this highly dynamic system represents a key observatory for sea ice 
reconstructions as it sensitively reacts to any alteration of environmental boundary 
conditions. Previous paleoenvironmental studies in this region provided important 
information on the last glacial to Holocene (middle to late MIS 1) sea ice variability (e.g., 
Müller et al., 2009, 2012; Müller and Stein, 2014; Cabedo-Sanz et al., 2016; Kolling et al., 
2017). However, details on sea ice conditions over longer time scales are rare (e.g., Knies et 
al., 1999, 2000; Stein et al., 2012, 2017a, 2017b) but absolutely necessary to close existing 
knowledge gaps concerning sea ice interactions in the climate system. In this regard, our 
study focuses on the reconstruction of eastern Fram Strait sea ice variations in the course of 
glacial-interglacial cycles during the last 190 ka. Measurements of specific biomarkers 
(HBIs, sterols, alkenones) were carried out on Core PS93/006-1 from the western continental 
margin of Svalbard (Fig. 4.3.1) to complement the understanding of driving mechanisms 
behind sea ice variability. A comparison with further sea ice reconstructions from the Arctic 
Gateway aims to give a more comprehensive picture of sea ice responses related to major 
environmental changes. 
 
4.3.2. Reconstruction of Arctic sea ice cover  
 
For the calculation of the PIP25 index, several options are available in the selection of a 
suitable phytoplankton counterpart to IP25. The most commonly used plankton markers are 
the sterols brassicasterol (i.e., PBIP25) and dinosterol (i.e., PDIP25) that are produced by a 
variety of phytoplankton genera like dinoflagellates, diatoms and haptophytes (Boon et al., 
1979; Robinson et al., 1984; Volkman et al., 1998). Both PBIP25 and PDIP25 yield a positive 
correlation with modern satellite-based sea ice observations (Müller et al., 2011; Xiao et al., 
2015a) and were successfully applied in various paleoenvironmental studies of Quaternary, 
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Pliocene and even late Miocene sedimentary sections (e.g., Müller et al., 2012; Stein and 
Fahl, 2013; Müller and Stein, 2014; Knies et al., 2014; Belt et al., 2015; Hoff et al., 2016; 
Hörner et al., 2016; Stein et al., 2016a, 2017a, 2017b). However, potential limitations should 
be considered when using brassicasterol and dinosterol for PIP25-based sea ice 
reconstructions. As these sterols are biosynthesised by a relatively broad group of marine 
phytoplankton, their sedimentary signal might represent ambiguous environmental 
conditions. Further, the structural differences between the IP25 and sterol compounds may 
affect the PIP25 index due to selective biomarker degradation (for a detailed review of 
potential limitations see Stein et al., 2012; Navarro-Rodriguez et al., 2013; Belt and Müller, 
2013).  
A just recently proposed phytoplankton marker for the calculation of the PIP25 index is a tri-
unsaturated HBI lipid (HBI III; i.e., PIIIIP25). Its stable isotope signature reveals a polar 
phytoplankton origin (Belt et al., 2008; Massé et al., 2011), supposedly from marine diatoms 
that thrive proximal to the winter sea ice edge in the Marginal Ice Zone (Belt et al., 2000; 
Rowland et al., 2001; Belt et al., 2015; Smik et al., 2016; Belt et al., 2017). In surface 
sediments from the Barents Sea, PIIIIP25 values provided realistic estimates of spring sea ice 
concentrations (SpSIC) with a threshold of >0.8 linked to the presence of summer sea ice 
(>5% summer sea ice concentration [SuSIC]; Smik et al., 2016).  
Discussed as an additional approach for sea ice reconstructions is the di-unsaturated HBI 
molecule (HBI II; Belt et al., 2007) that is structurally related to IP25. The co-occurrence of 
HBI II and IP25 in Arctic sediments and its isotopic composition point to a sea ice related 
origin (Belt et al., 2007, 2008; Vare et al., 2009; Xiao et al., 2013, 2015). In the Arctic 
Ocean, previous studies applied the HBI II/IP25 ratio (i.e., DIP25) to determine sea ice 
variability (Cabedo-Sanz et al., 2013) and SST tendency (Fahl and Stein, 2012; Xiao et al., 
2013). 
 
4.3.3. Regional setting 
 
As the Arctic’s only deepwater passage, the Fram Strait decisively regulates the exchange of 
water masses with the North Atlantic (Mosby, 1962; Aagaard and Greisman, 1975; Fahrbach 
et al., 2001). There are two counteractive current systems: the northward flowing West 
Spitsbergen Current (WSC) and the southward flowing East Greenland Current (EGC). 
Considered as the northernmost continuation of the North Atlantic Current, the WSC carries 
warm and saline Atlantic Water along the western continental margin of Spitsbergen into the 
Arctic Ocean (Coachman and Aagaard, 1974; Aagaard, 1982; Schauer et al., 2004; Carmack 
et al., 2015). Between 78 and 80°N, the WSC separates into the Svalbard and the Yermak 
Branch (Manley et al., 1992; Manley, 1995). The Svalbard Branch streams north-easterly, 
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staying close to the continental margin of Spitsbergen and eventually enters the Arctic Ocean 
(Coachman and Aagaard, 1974; Aagaard et al., 1987). The Yermak Branch initially follows 
the western flank of the Yermak Plateau, partly detaches from it north of 80°N, turns 
westward and recirculates southward as the Return Atlantic Current (RAC; Bourke et al., 
1988; Marnela et al., 2013; Hattermann et al., 2016).  
 
Figure 4.3.1 Overview of the oceanographic setting in the Fram Strait and recent SST conditions (inset). The 
white arrows refer to the inflowing Atlantic and outflowing Polar Waters. The West Spitsbergen Current (WSC), 
the Svalbard Branch (SB), the Yermak Branch (YB), the Return Atlantic Current (RAC) and the East Greenland 
Current (EGC) are indicated in white. The position of the September sea ice margin for the time interval 1979 – 
1983 and for the years 2007, 2012 and 2017 are indicated by yellow lines (http://iup.physik.uni-bremen.de). Core 
locations are marked by diamonds, the herein investigated Core PS93/006-1 is highlighted in red. The base map 
was created using the Ocean Data View Software (Schlitzer, 2015). 
 
The EGC on the other hand flows southward along the eastern coast of Greenland, thereby 
driving the major outflow of polar freshwater and sea ice from the interior Arctic (Aagaard 
and Coachman, 1968; Rudels et al., 1999; Schlichtholz and Houssais, 1999; de Steur et al., 
2014; Haine et al., 2015; Smedsrud et al., 2017). The oceanic situation in the Fram Strait is 
subject to a strong intra- and interannual variability that substantially controls the 
distribution of sea ice (Vinje, 2001; Kowasaki and Hasumi, 2016; Meyer et al., 2017; 
Smedsrud et al., 2017). The entire Svalbard archipelago is enclosed by sea ice during the 
winter months from November to April. Lowest sea ice concentrations prevail, however, 
along the western margin due to the continuous inflow of Atlantic Water (Vinje, 1985). The 
fjord systems and sheltered coastal areas around Spitsbergen remain covered by landfast ice 
until June (Svendsen et al., 2002; Gerland and Renner, 2007), with a recent tendency to stay 
ice-free throughout the year (Cottier et al., 2007; Onarheim et al., 2014; Alkire et al., 2015). 
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When the minimum sea ice extent is reached in September, open-water conditions dominate 
in the eastern Fram Strait (National Snow & Ice Data Center, https://nsidc.org). 
 
4.3.4. Material and methods 
Sediment core PS93/006-1 was recovered from the northwestern continental margin of 
Spitsbergen in ~1600 m water depth during RV Polarstern expedition PS93 in 2015 (Stein, 
2016; Fig. 4.3.1).  
The core provides a continuous sedimentary record, mainly composed of greyish to 
brownish silty clays. The lowermost part of the core (785 - 600 cm) contains coal fragments. 
An increased content of dropstones can be observed for the intervals 785 – 640, 360 – 300 
and 200 – 65 cm (Stein et al., 2016b). A preliminary shipboard stratigraphy for Core 
PS93/006-1 suggested an age of MIS 6 to MIS 1. This age model was established by 
correlating the lithology and physical properties (wet bulk density, magnetic susceptibility) 
to Core PS2839-4 (Stein et al., 2016b). 
Stable oxygen and carbon isotope analyses were carried out on planktic foraminifera (N. 
pachyderma sin.; 150-250 µm; 5-32 specimen) using a Finnigan MAT 253 isotope ratio 
mass spectrometer coupled to a carbonate preparation device Kiel IV. Measurements were 
calibrated against the international NBS-19 standard and reported in δ-notation versus 
Vienna Peedee Belemnite (VPDB). The long-term precision of δ18O and δ13C, based on an 
internal laboratory standard (Solnhofen limestone) measured over a 1-year period together 
with samples, was better than ±0.08‰ and ±0.06‰, respectively.  
For bulk organic-geochemical analyses, subsamples were taken in an interval of ~5 cm and 
stored in glass vials at –20°C. In the further course, the sediment was freeze-dried, ground 
and total organic carbon (TOC) contents were determined using a Carbon-Sulfur Analyser 
(CS-125, Leco).  
 
Biomarker analyses 
For highly branched isoprenoids (HBIs) and sterol analyses (every 5 – 10 cm), 5 g of 
sediment was extracted with ultrasonification using dichloromethane:methanol (2:1 vol/vol) 
as solvent. Beforehand, the internal standards 7-hexylnonadecane (7-HND; 0.076 μg/sample) 
and cholesterol-d6 (cholest-5-en-3β-ol-D6; 10.1 μg/sample) were added for biomarker 
quantification. Hydrocarbons and sterols were separated via open column chromatography 
using SiO2 as stationary phase and 5 ml of n-hexane followed by 9 ml of ethylacetate:n-
hexane (2:8 vol/vol) as eluent, respectively. Sterols were silylated with 200 μl bis-
trimethylsilyl-trifluoroacet-amide (BSTFA; 60°C, 2h) in the next step. Compound 
identification was carried out with coupled gas chromatography – mass spectrometry (GC-
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MS; Agilent Technologies). GC measurements were carried out with the following 
temperature setup: 60°C (3 min), 150°C (heating rate: 15 °C/min), 320°C (heating rate: 10 
°C/min), 320°C (15 min isothermal) for the hydrocarbons and 60°C (2 min), 150°C (heating 
rate: 15 °C/min), 320°C (heating rate: 3 °C/min), 320°C (20 min isothermal) for the sterols. 
Helium served as carrier gas (1 ml/min constant flow). Specific compound identification was 
based on the comparison of retention times and mass spectra with literature references 
(sterols: Boon et al., 1979; Volkman, 1986; HBIs: Johns et al., 1999; Belt et al., 2000). The 
concentration of each biomarker was calculated by setting its individual GC-MS ion 
responses in relation to those of respective internal standards. For the quantification of the 
sterols (quantified as trimethylsilyl ethers), the molecular ions m/z 470 for brassicasterol (as 
24-methylcholesta-5,22E-dien-3β-ol), m/z 472 for campesterol (as 24-methylcholest-5-en-
3β-ol), m/z 486 for β-sitosterol (as 24-ethylcholest-5-en-3β-ol) and m/z 500 for dinosterol 
(as 4α,23,24R-trimethyl-5α-cholest-22E-en-3β-ol) were used in relation to the molecular ion 
m/z 464 for the internal standard cholesterol-d6. For HBI quantification, their molecular ion 
(m/z 350 for IP25, m/z 348 for HBI II and m/z 346 for HBI III) was compared to the 
fragment ion m/z 266 for the internal standard 7-HND. The different responses of these ions 
were balanced by an external calibration curve (see Fahl & Stein, 2012). All biomarker 
concentrations were corrected to the amount of extracted sediment and organic carbon 
content.  
PIP25 indices (phytoplankton biomarker combined with IP25) were calculated following the 
equation of Müller et al. (2011): PIP25 = IP25/(IP25+(plankton marker*c)), where c is a 
balance factor to compensate possible concentration differences between IP25 and the 
plankton marker (c = mean IP25 concentration/mean plankton marker concentrations). 
Brassicasterol, dinosterol and HBI III were used as phytoplankton marker to compare 
between PBIP25, PDIP25 and PIIIIP25, respectively.  
In addition, long-chain C37 alkenones were quantified in selected samples to evaluate the 
production of haptophyte algae. For the sake of simplicity, alkenones (C37:2, C37:3, C37:4) were 
eluted from the sterol fraction (every 10 – 20 cm). The separation of compounds was 
performed by open column chromatography using SiO2 as stationary phase and 3 ml of n-
hexane:dichloromethane (1:1 vol/vol) followed by 5 ml of dichloromethane as eluent. After 
saponification with 0.1 N KOH (9:1 vol/vol) at 80°C for 2 h, GC measurements were carried 
out using a HP 6890 GC equipped with a cold injection system, a DB-1MS fused silica 
capillary column and a flame ionisation detector. Individual alkenone identification was 
based on retention times and the comparison with an external standard.  
All data reported in this study are available online on the PANGAEA database 
(https://doi.org/10.1594/PANGAEA.884799). 
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4.3.5. Results 
 
The records of the stable oxygen and carbon isotopes are discontinuous for certain intervals 
(780-710, 680-630, 540-500, 440-390, 340-310, 200-150 cm; Fig. 4.3.2), owing to an 
absence of planktic foraminifera. Other than that, values range from 1.3 to 4.6‰ for δ18O 
and from -2.8 to 0.7‰ for δ13C.  
The TOC content shows a succession of intervals with either low contents around 0.5% (780 
– 600, 420 – 300, 200 – 140 cm) or high contents around 0.8% (in between; Fig. 4.3.2). The 
only exception of this general pattern is a short-term drop (~0.3%) of otherwise high 
percentages at 500 cm. 
 
Figure 4.3.2 TOC content [wt.%] and biomarker (IP25, HBI II, HBI III, brassicasterol, dinosterol, campesterol, β-
sitosterol) contents [µg/g OC] of Core PS93/006-1 against depth [cm]. The black lines illustrate the floating 
average of three data points. The presence/absence of alkenones is indicated by filled/empty circles. 
 
 
For IP25, minor contents around 0.08 µg/g OC can be observed in the lowermost part of the 
core (780 – 600 cm; Fig. 4.3.2). The overlying section (600 – 340 cm) holds enhanced IP25 
values around 0.25 µg/g OC, except for short-term decreases around 500 and 370 cm. 
Moderate IP25 contents (~0.15 µg/g OC) occur between 340 and 190 cm followed by an 
interval completely absent of IP25 (190 – 150 cm). The uppermost part of the core is 
characterised by relatively high IP25 contents (up to 0.50 µg/g OC) around 110 cm that 
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decrease towards the core top (~0.15 µg/g OC; Fig. 4.3.2). 
The records of the di- and tri-unsaturated HBIs (HBI II and HBI III, respectively) show 
minimal contents in the lowermost part from 780 to 600 cm (Fig. 4.3.2). Above, HBI II is 
slightly enhanced with pronounced peaks around 460 cm (~5.04 µg/g OC) and 30 cm (~2.56 
µg/g OC). HBI III shows a stronger fluctuating signal with enhanced values for the intervals 
from 490 to 390 cm (~2.90 µg/g OC), 300 to 230 cm (~3.67 µg/g OC) and 110 cm to the 
core top (up to 19.26 µg/g OC). Likewise to the IP25 record, both HBI II and HBI III are 
absent between 190 and 150 cm (Fig. 4.3.2).  
The sterols brassicasterol, dinosterol, β-sitosterol and campesterol show comparable trends, 
however brassicasterol records a notably higher variability (Fig. 4.3.2). Between the base of 
the core and 150 cm, mean values of 10.5 µg/g OC for brassicasterol, 2.9 µg/g OC for 
dinosterol, 3.2 µg/g OC for campesterol and 11.9 µg/g OC for β-sitosterol can be observed. 
Pronounced single peaks occur around 673, 590, 480, 403 and 283 cm for brassicasterol, at 
480 cm for campesterol and at 403 cm for dinosterol and β-sitosterol. The uppermost part of 
the core is characterised by a shift to enhanced values of up to 57.8, 12.7, 22.2 and 67.0 µg/g 
OC for brassicasterol, dinosterol, campesterol and β-sitosterol, respectively, around 110 cm 
with a decreasing tendency towards the core top (Fig. 4.3.2). 
The C37:2 and C37:3 alkenones were abundant throughout the core, except for the samples at 
743, 723, 638, 618, 510, 393, 313, 283, 173 and 83 cm core depth (Fig. 4.3.2).  
 
4.3.6. Discussion 
4.3.6.1 Age model 
 
The revised age model of Core PS93/006-1 is based on δ18O stratigraphy complemented by 
core correlation and biostratigraphy (Fig. 4.3.3; Table 4.3.1).  
When using δ18O stratigraphy in the Arctic Ocean, local processes like sea ice formation and 
freshwater discharge might complicate the correlation to the global isotope signal (e.g., 
Spielhagen et al., 2004). The isotope record of Core PS93/006-1 shows several gaps due to 
low or missing amounts of planktic formaninifera. However, the identification of several 
Marine Isotope Stage (MIS) events and boundaries was possible (Fig. 4.3.3). The base of the 
core is marked by relatively light δ18O values that are associated with latest MIS 7 (~193 ka). 
Planktic foraminifera are predominantly absent in the overlying sequence (780-630 cm), 
probably indicating stage 6 deposits. The concurrent abundance of coal fragments further 
supports the allocation of MIS 6 to this core interval (Fig. 4.3.3) as Bischof et al. (1990) 
identified an enhanced transport of coal fragments from Siberia towards the Fram Strait and 
Nordic Seas during MIS 6. An abrupt transition from very heavy to light δ18O values around 
603 cm is most probably linked to major deglaciation in the course of Termination II. The 
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MIS 6/5 boundary (130 ka) is placed at the midpoint from heavier to lighter values. Two 
deflections towards lighter oxygen isotope values at 573 and 463 cm are associated with the 
MIS events 5.5 (~123 ka) and 5.33 (~104 ka; Thompson and Goldstein, 2006), respectively. 
The occurrence of the subpolar biostratigraphic marker Turborotalita quinqueloba at 570 cm 
further indicates MIS event 5.5 (e.g., Nørgaard-Pedersen et al., 2007; Fig. 4.3.3).  
 
Table 4.3.1 Age fix points of the age model of Core PS93/006-1. 
Depth [cmbsf] Age [cal. ka B.P.] Marine Isotope 
Stage/Event 
Fix point Origin 
    
76 8.4 1 1 
111 14.3 2 1 
119 14.8 2 1 
198.2 23.8 2 1 
290.5 53.8 MIS 3.31 2 
298 57 4/3 boundary 2 
463 104 5.33 2 
573 
603 
780.5 
123 
130 
193 
5.5 
5/6 boundary 
7.1 
2,3 
2,4 
2 
Origin of the age fix points: (1) correlation of the MS record to the stacked MS record compiled by Jessen et al. 
(2010) for the western Svalbard slope, (2) correlation of the δ18O record to the global LR04 stack (Lisiecki and 
Raymo, 2005), (3) occurrence of the biostratigraphic marker Turborotalita quinqueloba for event 5.5 in the polar 
North Atlantic (Nørgaard-Pedersen et al., 2007), (4) occurrence of coal fragments, indicative for MIS 6 deposits 
(cf., Bischof et al., 1990).  
 
This planktic foraminifer species is regarded to indicate the inflow of Atlantic Water to the 
Fram Strait (Volkmann, 2000) and occurs in enhanced abundances during MIS 5e (Bauch et 
al., 1999; Rasmussen et al., 2003; Born et al., 2011; Zhuravleva et al., 2017). The gaps in the 
δ18O record around 515 and 410 cm might represent the substages MIS 5d and 5b, 
respectively. These substages are associated with colder temperatures and possibly more 
severe sea ice conditions that are unfavourable for the production of planktic foraminifera 
(Volkmann, 2000). A pronounced shift from heavier to lighter δ18O values marks the MIS 
4/3 boundary (57 ka), with its midpoint lying at 298 cm. Above, the MIS 3.31 event (~53.8 
ka; Thompson and Goldstein, 2006) indicates the general shift to lighter oxygen isotope 
values after deglaciation (Fig. 4.3.3).  
In the upper part of Core PS93/006-1, the chronostratigraphy is based on the correlation of 
the magnetic susceptibility (MS) to the MS stack compiled by Jessen et al. (2010) for the 
eastern Fram Strait (Fig. 4.3.3). These authors combined the MS records of eleven sediment 
cores positioned along the western continental margin of Svalbard between 76° and 80°N to 
develop a chronology tool for the region. Two consecutive lows in the MS stack around 23.8 
and 14.5 ka can be correlated to corresponding trends in the MS record of Core PS93/006-1 
around 200 and 115 cm core depth, respectively. For the Holocene sequence, Jessen et al. 
(2010) described an initial rise of MS values that peak around 8.4 ka and gradually decrease 
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thereafter towards the core top. A similar trend can be observed in the MS record of Core 
PS93/006-1, culminating in peak values around 76 cm (Fig. 4.3.3).  
Figure 4.3.3 Stratigraphic framework of Core PS93/006-1. The age tie points (yellow asterisks) derive from the 
correlation of δ18O values to the global LR04 stack (Lisiecki and Raymo, 2005), the occurrence of the 
biostratigraphic marker Turborotalita quinqueloba indicating MIS event 5.5 (e.g., Nørgaard-Pedersen et al., 
2007) and the correlation of the MS record to the MS stack compiled by Jessen et al. (2010) for the western 
Svalbard margin. An additional verification of this age model is given by the tentative correlation of the MS and 
the carbonate record to corresponding records of the neighbouring cores PS1535-8 (Spielhagen et al., 2004), 
PS1294, PS1295 and PS1297 (Hebbeln and Wefer, 1997). The ages of specific MIS events are adopted in 
accordance to Thompson and Goldstein (2006). Meltwater events are characterised by concurrent deflections of 
the δ18O and the δ13C records towards lighter values and are indicated by light blue arrows. 
 
 
An additional verification of this age model is given by the tentative correlation of the MS 
and the carbonate record to corresponding records of neighbouring cores. More precisely, the 
MS record of Core PS1535-8 (Spielhagen et al., 2004) and the carbonate records of the cores 
PS1294, PS1295 and PS1297 (Hebbeln and Wefer, 1997) show fluctuations comparable to 
those observed in the records of Core PS93/006-1 (Fig. 4.3.3). 
According to this age model, Core PS93/006-1 represents late MIS 7 to MIS 1 (Fig. 4.3.4). 
In general, the tentative shipboard stratigraphy by Stein et al. (2016b) can be supported. 
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Figure 4.3.4 Age-depth model and sedimentation rates [cm/ky] of Core PS93/006-1. Yellow stars indicate age tie 
points obtained from stable isotope stratigraphy, biostratigraphy and correlation of the magnetic susceptibility 
record to the MS stack of Jessen et al. (2010). A linear interpolation is used to calculate ages in between these age 
tie points. MIS boundaries are indicated by dashed lines, grey shading refers to glacial intervals.  
 
 
4.3.6.2 Evaluation of sea ice proxies applied in this study 
 
In Core PS93/006-1, all three PIP25 indices yield similar outcomes regarding the prevalence 
of permanent versus seasonal sea ice cover (Fig. 4.3.5). Especially the PBIP25 and PDIP25 
indices resemble each other to a great extent, most likely owing to the related group of 
source organisms. The PIIIIP25 index shows slightly higher values than the PBIP25 and PDIP25 
indices, implicating more extensive sea ice conditions. At the transition from permanent 
(PIP25~1; Müller et al., 2011) to seasonal sea ice cover (PIP25<<1; Müller et al., 2011), the 
decrease of PIIIIP25 lags slightly behind the PBIP25 and PDIP25 indices (dashed lines in Fig. 
4.3.5). Moreover, the PBIP25 and PDIP25 indices sharply decrease in response to the changing 
environment, while the PIIIIP25 index reacts in a less pronounced, more gradual manner due 
to rather hesitantly rising HBI III contents (Fig. 4.3.5).  
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Figure 4.3.5 Fluctuations of TOC (black), δ18O (red), IP25 (black), brassicasterol (green), dinosterol (blue), HBI II 
(yellow) and HBI III (grey) against age. Accumulation rates of IP25 are indicated as grey colouration. The 
presence or absence of alkenones is highlighted by filled or empty circles, respectively. Age tie points are marked 
by black triangles. Grey shading refers to glacial intervals. PBIP25, PDIP25 and PIIIP25 indices are indicated in 
green, blue and grey, respectively, with the coloured area highlighting most extensive sea ice conditions (e.g., 
Müller et al., 2011; Smik et al., 2016). The vertical dashed lines indicate the small offset between the 
PBIP25/PDIP25 indices and the PIIIP25 index at the transition from permanent to seasonal sea ice cover. 
 
This might be attributable to the higher selectivity of HBI III towards marine genera (Belt et 
al., 2000; Rowland et al., 2001), whereas dino- and brassicasterol are biosynthesised by a 
broader group of phytoplankton occupying an overall longer bloom season (Boon et al., 
1979; Robinson et al., 1984; Volkman et al., 1998). The slight deviations between 
brassicasterol and HBI III become further apparent from the correlation of IP25 versus both 
phytoplankton markers, while the general pattern is similar (Fig. 4.3.6A and 4.3.6C). 
Therefore, the HBI III compound and the applicability of PIIIIP25 need to be verified by 
further studies including sediment traps and broader surface data sets. Moreover, the subtle 
differences between the PBIP25 and PIIIIP25 indices are certainly better captured by 
prospective higher resolution studies.  
Apart from that, the sea ice conditions at the western Svalbard margin are resembled equally 
well by the different PIP25 indices. This verifies the applicability of the PIIIIP25 index for sea 
ice reconstructions in eastern Fram Strait and again the use of the PBIP25 and PDIP25 indices 
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in this region (e.g., Belt et al., 2015; Stein et al., 2017a). Hence, PBIP25 does not seem to 
suffer from an ambiguous origin of brassicasterol as it can be observed for the Kara and 
Laptev Sea regions influenced by enhanced river runoff (Fahl and Stein, 1999; Fahl et al., 
2003; Hörner et al., 2016).  
In general, the partly in-phase fluctuations of IP25 and the phytoplankton markers, likewise 
described for the eastern Fram Strait in paleorecords (e.g., Müller et al., 2012; Cabedo-Sanz 
and Belt, 2016) and surface sediments (Smik and Belt, 2017), do not impede the PIP25 
approach. However, the PIP25 indices should always be discussed alongside the individual 
biomarker profiles to avoid misleading sea ice reconstructions (e.g., Müller et al., 2011; 
Stein et al., 2012). 
Regarding the HBI II compound, there is no correlation between IP25 and HBI II in Core 
PS93/006-1 (Fig. 4.3.5). Instead, HBI II correlates positively with the HBI III compound 
revealing a somehow related origin. Considering the observations of previous studies, the 
HBI II compound may therefore derive from both sea ice and open-water phytoplankton 
assemblages. The non-(sea ice) specific origin of this compound in Core PS93/006-1 leads to 
an exclusion of the HBI II signal in the sea ice reconstruction of this study. 
 
4.3.6.3 Sea ice variability in eastern Fram Strait over the last 190 ka 
 
The cyclic glacial-interglacial climate variability of the last 190 ka strongly impacted the 
oceanic and related sea ice conditions in the Arctic Gateway (Hebbeln and Wefer, 1997; 
Hebbeln et al., 1998; Knies et al., 1999, 2000; Tütken et al., 2002; Kandiano et al., 2004; 
Spielhagen et al., 2004; Winkelmann et al., 2008a; Chauhan et al., 2016; see also chapter 
4.2). Interestingly, sea ice must have been present in the eastern Fram Strait throughout the 
entire time interval, as an almost continuous input of the sea ice proxy IP25 is recorded in 
Core PS93/006-1 (Fig. 4.3.5). Apart from that, IP25 and further biomarkers show a strong 
variability that can be linked to shifts of glacial-interglacial modes. Especially the transition 
from peak glacial (i.e., Penultimate Glacial Maximum [PGM], Last Glacial Maximum 
[LGM]) to peak interglacial stages (i.e., the Last Interglacial [LIG], Holocene) reveals 
profoundly changing environmental conditions and forces. 
 
Glacial conditions 
 
In the Arctic Ocean, glacial intervals are mainly associated with the build-up of large ice 
sheets on the continental shelves. Four major Eurasian ice sheets have been formed within 
the last 200 ka: a most extensive one during the late Saalian (>140 ka), followed by two 
early (~110 ka, ~90 ka), a middle (~60 ka) and a late Weichselian glaciation (~20 ka; 
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Landvik et al., 1998; Mangerud et al., 1998; Svendsen et al., 2004; Ingólfsson and Landvik, 
2013; Jakobsson et al., 2014; Hughes et al., 2016). Along western Svalbard, the Svalbard 
Barents Sea Ice Sheet (SBIS) advanced up to 40 km off the coast during major glaciations 
(e.g., Svendsen et al., 1992, 2004; Winkelmann et al., 2008a; Jessen et al., 2010; Jakobsson 
et al., 2014). Glacial intervals are further characterised by a reduced (temperate), yet 
persistent, inflow of Atlantic Water to the Arctic Ocean (Henrich, 1998; Knies et al., 1999; 
Ezat et al., 2014; Zhuravleva et al., 2017). 
 
Figure 4.3.6 IP25 [µg/g OC] versus brassicasterol [µg/g OC] for (A) Core PS93/006-1 and (B) Core PS92/039-2, 
and IP25 [µg/g OC] versus HBI III [µg/g OC] for (C) Core PS93/006-1 and (D) Core PS92/039-2. The 
classification of the different sea ice conditions for the crossplots of IP25 and brassicasterol (i.e., less, 
variable/seasonal, extended and permanent ice cover) follows Müller et al. (2011) and Xiao et al. (2015a). 
Different intervals (PGM, LIG, LGM, Holocene) are highlighted by colouration. 
 
 
The biomarker records of Core PS93/006-1 reveal a prevalence of severe sea ice conditions 
during glacial intervals at the western continental margin of Svalbard (Fig. 4.3.7). Decreased 
fluxes of the sea ice proxy IP25 and the phytoplankton biomarkers brassicasterol, dinosterol 
and HBI III indicate suboptimal conditions for both sea ice and open-water algal growth. 
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Accordingly, the PIP25 indices show elevated values implicating a pervasive sea ice cover 
(Fig. 4.3.7). The concurrently diminished contents of organic carbon (Fig. 4.3.5) and the 
terrigenous biomarkers (campesterol, β-sitosterol) indicate the overall hampered particle flux 
to the sea floor. However, a seasonal ice break-up must have been present most of the time 
due to the nearly steady, albeit very low, input of biomarkers and the presence of alkenones 
(Fig. 4.3.5). The abundance of dropstones suggests floating icebergs in the eastern Fram 
Strait and in turn at least temporally open-water conditions. The summer ice edge might 
have been positioned in the vicinity of the core position, resulting in a relatively short season 
of ice melt and primary production. These overall severe sea ice conditions are also 
consistent with previous sea ice reconstructions along the western Svalbard margin (i.e., 
MSM05/5-712-2, Müller et al., 2012) and the western Yermak Plateau (i.e., PS2837-5, 
Müller et al., 2009; Stein et al., 2012; Müller and Stein, 2014; Fig. 4.3.7).  
 
Figure 4.3.7 PBIP25 indices for the cores PS93/006-1, PS92/039-2, PS2138-1 and PS2837-5 (all in black; Müller 
et al., 2009; Stein et al., 2012; Müller and Stein, 2014), and MSM5/5-712-2 (in grey; Müller et al., 2012) against 
age. In the record of Core PS93/006-1, the dashed line around 40 ka displays an alternative estimation of sea ice 
conditions based on the PDIP25 and PIIIIP25 indices that contrast the PBIP25 in this interval (see also Fig. 4.3.5). 
The paleoproductivity record for Core PS2138-1 is based on benthic foraminifera and indicated in green 
(Wollenburg et al., 2001). Age tie points are indicated by black triangles. The mean summer insolation at 79°N 
(Laskar et al., 2004) and the global sea level (Spratt and Lisiecki, 2016) are illustrated for the last 200 ka. Blue 
shading refers to glacial stages with an extended Svalbard Barents Sea Ice Sheet (SBIS). Peak interglacial stages 
(i.e., LIG, Holocene) are indicated by red shading. 
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They clearly indicate the glacial strength of the EGC that exports sea ice from the interior 
Arctic Ocean towards the Fram Strait. Cold freshwater is carried along with this flow that 
possibly fostered local sea ice formation. At the same time, the persistent inflow of Atlantic 
Water to the Arctic Ocean ceases the formation of a permanent sea ice cover along western 
Svalbard (Hebbeln et al., 1994; Henrich, 1998; Knies et al., 1999; Ezat et al., 2014; 
Zhuravleva et al., 2017). It is suggested that these seasonally ice-free regions in the Nordic 
Seas during the glacial intervals represent an essential moisture source for the final growth of 
Northern Hemisphere ice sheets (Hebbeln et al., 1994; Dokken and Hald, 1996). Indications 
for perennial sea ice conditions along western Svalbard can only be observed during absolute 
insolation minima, i.e., early MIS 6, the PGM, the interstadial MIS 5d, partly MIS 4 and the 
LGM (Fig. 4.3.7). This is reflected in the biomarker records of Core PS93/006-1 (and the 
cores MSM05/5-712-2 and PS2837-5 during the LGM) as concurrently absent (or 
negligible) input of IP25 and the open-water phytoplankton biomarkers (Figs. 4.3.6A, 
4.3.6C). The insufficient light and nutrient supply associated with a closed sea ice cover 
limits the primary production in the Arctic Ocean (Sakshaug, 2004; Popova et al., 2012). The 
production of planktic foraminifera is strongly affected by these hostile conditions 
(Volkmann et al., 2000), as indicated by gaps in the δ18O curve (Fig. 4.3.5). When sea ice is 
not melting during the summer months, no or little organic matter is released to the water 
column and transported towards the sea floor (decreased TOC and terrigenous biomarker 
contents; Fig. 4.3.5). Hence, the summer ice edge must have been positioned south of 79°N 
(or east of ~5°E), leaving the core position ice covered year-round (Figs. 4.3.8A, 4.3.8C). 
The predominance of permanent sea ice cover coincides with major advances of the SBIS 
along western Svalbard (Fig. 4.3.7; Mangerud et al., 1998; Svenden et al., 2004; Jakobsson 
et al., 2014). The enhanced eastward influence of polar water masses combined with the 
expansion of the ice sheet onto the outer shelf area likely fostered the formation of landfast 
ice on the continental margin. Under such heavy ice conditions, the inflowing Atlantic Water 
would have submerged beneath the cold freshwater at the surface and continued farther north 
in intermediate depth (Haugan, 1999; Rudels et al., 1999).  
Quite the opposite scenario can be observed when following the continental margin of the 
Svalbard Archipelago in a northeastern direction into the interior Arctic Ocean. At the 
eastern Yermak Plateau (PS92/039-2), simultaneously enhanced accumulation of IP25, the 
marine phytoplankton (brassicasterol, dinosterol, HBI III) and the terrigenous (campesterol, 
β-sitosterol) biomarkers point to the presence of marginal sea ice cover during intervals of 
enhanced ice sheet activity (Figs. 4.3.6B, 4.3.6D, 4.3.7; see also chapter 4.2). A combination 
of katabatic winds from the protruded SBIS and upwelling of warm, subsurface Atlantic 
Water along its shelf break (e.g., Lind and Ingvaldsen, 2012, Falk-Petersen et al., 2015) 
probably triggered the formation of a coastal polynya along the northern Barents Sea margin 
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with the parallel formation of a stationary ice margin on the eastern Yermak Plateau (see 
chapter 4.2; Fig. 4.3.8C). Such polynya-type conditions have also been proposed from 
studies of other core sites along the major circum-Arctic ice sheets in MIS 6 (Knies et al., 
1999, 2000; Stein et al., 2017a). Only during the PGM, the eastern Yermak Plateau 
experienced a perennial ice cover most probably due to a short-term extension of the ice 
sheet onto the plateau that merged with the sea ice cover (Figs. 4.3.7, 4.3.8A). Continuing 
farther east along the continental margin north of Svalbard (i.e., PS2138-1), biomarker proxy 
records reveal an extended ice cover with intermittent seasonally open water allowing some 
phytoplankton and ice diatom production (Figs. 4.3.7, 4.3.8A; Wollenburg et al., 2001; Stein 
et al., 2017a).  
 
Interglacial conditions 
 
The transition from glacial to interglacial stages is accompanied by the retreat of major 
glaciation on the continental shelves and a strengthened inflow of Atlantic Water. 
Unconstrained by the presence of extended ice sheets and a low sea level stand, the warm 
water streams along the western continental margin of Svalbard and intrudes the Arctic 
Ocean. The strongest inflow of Atlantic Water is supposed for the LIG and the Holocene, 
while MIS 5c, MIS 5a and MIS 3 are associated with less pronounced advection (Henrich, 
1998; Knies et al., 1999; Matthiessen et al., 2001; Matthiessen and Knies, 2001; Wollenburg 
et al., 2001; Spielhagen et al., 2004).  
In Core PS93/006-1, the onset of interglacial intervals is marked by rising contents of IP25 
and the phytoplankton markers (Fig. 4.3.5), implying improved conditions for sea ice and 
open-water algae production. Hence, a reduced sea ice cover with more frequent summer 
melt probably prevailed during interglacials at the western Svalbard slope at 79°N. The 
predominance of a seasonal sea ice cover is further displayed in the PIP25 records as a shift 
from previously maximum to moderate or low values (Fig. 4.3.7). Furthermore, the constant 
presence of alkenones implies a regular production of haptophyte algae during summer (Fig. 
4.3.5). The establishment of seasonal sea ice cover can further be observed in the nearby 
cores MSM05/5-712-2 (Müller et al., 2012), PS2837-5 (Müller et al., 2009; Stein et al., 
2012; Müller and Stein, 2014) and PS2138-1 (Stein et al., 2017a; Fig. 4.3.7). Meanwhile, the 
more interior parts of the Arctic Ocean remained covered by predominantly permanent sea 
ice (Stein et al., 2017a) with the summer sea ice boundary positioned southward of Core 
PS92/039-2 at the eastern Yermak Plateau (see chapter 4.2; Figs. 4.3.6B, 4.3.6D, 4.3.7, 
4.3.8).  
Although the interglacial stages are likewise characterised by the presence of seasonal sea 
ice cover along the Svalbard margin, subtle differences within and between individual 
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biomarker records reveal highly dynamic sea ice conditions. This becomes particularly 
apparent when examining the LIG and the Holocene intervals in more detail, as both phases 
have been attributed with comparable environmental conditions such as orbital configuration 
and Atlantic Water inflow (Helmke and Bauch, 2003; Fischer and Jungclaus, 2010). 
At the western Svalbard margin (i.e., PS93/006-1), the LIG is characterised by high IP25 
fluxes while the phytoplankton sterols and the HBI III compound show only moderate input 
(Fig. 4.3.5). This suggests an enhanced production of sea ice diatoms while the open-water 
phytoplankton experienced rather disadvantageous living conditions. Therefore, it is likely 
that the core position experienced a long seasonal sea ice cover with at least partial 
occurrence of sea ice during summer. The disintegration of the enormous ice sheets covering 
the continents around the Arctic Ocean during MIS 6 probably decelerated the sea ice retreat 
during the subsequent LIG. The associated huge freshwater discharge would have fostered 
sea ice formation and concurrently repressed the influence of Atlantic Water in eastern Fram 
Strait (Van Nieuwenhove et al., 2011). The northward advection of warm water masses to 
the Arctic Ocean is clearly indicated by the occurrence of blue mussels in western Svalbard 
fjords (Mangerud et al., 1998). However, the inflow of Atlantic Water must have been 
laterally restricted to the easternmost Fram Strait as recorded by various studies along the 
western Svalbard margin (Bauch et al., 1999, 2012; Bauch and Erlenkeuser et al., 2008; 
Risebrobakken et al., 2005, 2007; Zhuravleva et al., 2017). The LIG is associated with strong 
westerly winds that might have induced an enhanced influence of cold, polar water in eastern 
Fram Strait (Blindheim et al., 2000; Risebrobakken et al., 2005, 2007). 
In contrast, the seasonal sea ice cover was significantly reduced along the northeastern 
Svalbard margin as recorded by lowest PBIP25 values (Stein et al., 2017a) and highest 
paleoproductivities in Core PS2138-1 (Wollenburg et al., 2001; Fig. 4.3.7). The restricted 
lateral expansion of Atlantic Water in eastern Fram Strait may have led to an intensified heat 
transport towards the Yermak Plateau. 
Unlike the LIG, the early Holocene shows simultaneously high contents of IP25, the 
phytoplankton biomarkers and the terrigenous sterols in Core PS93/006-1 (Fig. 4.3.5). This 
is likely related to stable (spring) ice edge conditions above the core position with partly ice-
free summers. Two short-term meltwater events following the disintegration of the SBIS 
might have caused slight delays of the sea ice retreat along western Svalbard (Jessen et al., 
2010). These are clearly visible as deflections in the δ18O and the δ13C records (Fig. 4.3.3) 
towards lighter values indicating the influence of isotopically lighter meltwater and reduced 
surface water ventilation (Spielhagen et al., 2004).  
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Figure 4.3.8 Overview map and schematic illustration of the sea ice conditions west and north of Spitsbergen for 
different intervals: (A) the PGM, (B) the LIG, (C) the LGM and (D) the Holocene. Core locations are marked by 
diamonds, the herein investigated Core PS93/006-1 is highlighted in red. The proposed (based on the biomarker 
records) positions of the winter and summer ice edge are indicated by dashed and dotted black lines, respectively. 
Red arrows indicate Atlantic Water entering the Arctic Ocean via the Fram Strait.  
 
 
In the further course of the Holocene, however, IP25 and the phytoplankton sterols decrease 
to moderate values while HBI III steadily rises (Fig. 4.3.5). Hence, sea ice likely retreated 
during this period resulting in shorter seasonal ice cover and gradually longer summer 
seasons. Maximum HBI III contents might indicate theyermak Plateau presence of the winter 
ice edge proximal to the core position of PS93/006-1 (Fig. 4.3.8D; Belt et al., 2015; Smik et 
al., 2016). This interval probably represents the early Holocene Climate Optimum (~8 ka), 
associated with less severe sea ice cover in the eastern Fram Strait (Müller et al., 2012; 
Werner et al., 2013). Due to the insufficient age control of this part of the record, it is 
however difficult to allocate this with certainty. Either way, the divergent interglacial sea ice 
conditions in the Arctic Gateway demonstrate the highly complex oceanic system of this 
region.  
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4.3.7 Conclusions 
 
Our multi-biomarker study from the western Svalbard margin complements the overall 
picture of past sea ice distribution in eastern Fram Strait. Moreover, it provides valuable 
information about the complex relation between sea ice cover and various environmental 
forces (i.e., ice sheet activity, Atlantic Water inflow) throughout glacial-interglacial cycles 
during the last 190 ka.  
The following statements can be made: 
• The continuous presence of sea ice at the western Svalbard margin indicates the 
strong influence of polar water masses in eastern Fram Strait throughout glacial and 
interglacial intervals. 
• During glacial intervals, the western Svalbard margin experienced extended sea ice 
conditions with ephemeral ice break-up during summer due to the persistent, yet 
temperate, inflow of Atlantic Water. 
• Perennial sea ice cover prevailed during absolute insolation minima with extensive 
expansion of the Svalbard Barents Sea Ice Sheet (early MIS 6, the Penultimate 
Glacial Maximum, MIS 5d, MIS 4 and the Last Glacial Maximum). 
• The opposing sea ice variations north (i.e., PS92/039-2) and west (i.e., PS93/006-1) 
of Svalbard highlight the diverse impact of ice sheet activity in the region. While the 
expansion of the Svalbard Barents Sea Ice Sheet triggered the formation of perennial 
sea ice west of Svalbard, it led to the establishment of marginal ice cover north of 
Svalbard. 
• A reduced sea ice cover with more frequent summer melt dominated the interglacial 
intervals along the western Svalbard margin.  
• Peak interglacials, i.e., the LIG and the Holocene interval, differ with regard to the 
intensity of seasonal sea ice conditions due to a variable inflow of Atlantic Water to 
the Arctic Ocean. 
• As the sea ice conditions in the eastern Fram Strait are resembled equally well by the 
different PIP25 indices (i.e., PBIP25, PDIP25, PIIIIP25), the applicability of each index 
for sea ice reconstructions in this region can be verified.  
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4.4 The variability of sea ice along the northeastern Greenland Shelf in relation to 
glacial-interglacial cycles since Marine Isotope Stage 12 
Kremer, A., Stein, R., Fahl, K., Spielhagen, R., Bauch, H.A. 
Abstract 
 
The late Quaternary climate was characterised by pronounced alterations that significantly 
impacted the sensitive Arctic environment. An ideal area to monitor related changes in sea 
ice cover is the East Greenland Shelf representing the outlet of the Arctic Ocean. For this 
purpose, analyses of molecular biomarkers were carried out on four sediment cores along the 
Lomonosov Ridge in the central Arctic Ocean that cover the time interval since MIS 12 
(~480 ka; PS87/023-1), MIS 9 (~300 ka; PS87/030-1) and MIS 6 (~130 ka; PS87/070-1, 
PS87/079-1). The main focus was on two cores from the northeastern continental margin of 
Greenland reflecting the sea ice conditions since MIS 6 (~130 ka; PS93/016-6) and MIS 11 
(~420 ka; PS93/031-4). The varying abundances of specific highly-branched isoprenoids 
(IP25, HBI II, HBI III) and sterols (brassicasterol, dinosterol, campesterol, β-sitosterol) were 
interpreted to indicate changes in sea ice cover, marine production and terrigenous input. 
Throughout the investigated time interval, the central Arctic Ocean experienced a permanent 
sea ice cover as indicated by minimum biomarker contents. Likewise, perennial sea ice 
conditions prevailed at the northern continental margin of East Greenland around 82°N 
(PS93/016-6) since MIS 6. The persistent outflow of polar water and entrained sea ice 
ceased a break-up of the sea ice cover even during warmer stages. Further south, distinct sea 
ice variations above the core position of PS93/031-4 (79°N) can be tied to major glacial-
interglacial transitions. At times of an extended Greenland Ice Sheet (MIS 12, MIS 10; MIS 
8, MIS 5d – b, MIS 4), marginal sea ice conditions were probably triggered by the formation 
of a polynya in front of the ice sheet. The glacial stages MIS 6 and 2 were characterised by 
minimum biomarker input suggesting a permanent sea ice cover or the advance of the ice 
sheet onto the outer shelf area. Rather severe sea ice conditions prevailed during interglacial 
intervals (MIS 11, MIS 9, MIS 7, MIS 5, MIS, 3) due to the deglaciation of the intensive 
Northern Hemisphere ice sheets and the related meltwater export along the East Greenland 
margin. For the first time, we provide direct evidence for an extensive sea ice cover at the 
East Greenland Shelf during the peak interglacials MIS 11 and MIS 5e. It is likely that the 
dominant polar surface water hampered the northward penetration of warm Atlantic Water 
and favoured local sea ice formation. 
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4.4.1 Introduction 
4.4.1.1 Arctic sea ice 
 
One of the most defining features of the Arctic Ocean is the seasonal to permanent sea ice 
cover. Beside its shaping influence on the regional environment, sea ice is a key component 
in the global climate system. The extent and thickness of sea ice significantly influence the 
Earth’s energy budget through albedo feedback mechanisms at the ocean surface (Curry et 
al., 1995; Hall, 2004; Perovich et al., 2008). Apart from that, seasonal sea ice formation and 
related brine release contribute to deepwater production in the northern North Atlantic, an 
important driver for the thermohaline overturning circulation (Broecker, 1997; Dieckmann 
and Hellmer, 2008). In the last decades, the volume of Arctic sea ice declined at an alarming 
rate that exceeded even the most pessimistic climate model simulations (Stroeve et al., 2012; 
Stocker et al., 2013). In order to produce reliable prognoses for the future, it is crucial to 
decipher the interactions of Arctic sea ice with various forces. In this regard, the examination 
of past sea ice variations is key and may help to define the anthropogenic contribution to the 
recent climate change. The East Greenland continental margin in the western Fram Strait 
represents an ideal area to do so, as the major export of polar freshwater and sea ice occurs 
in this region (Smedsrud et al., 2017). Sea ice is transported from the Eurasian shelves via 
the Transpolar Drift towards the Fram Strait, where it exits the Arctic Ocean along eastern 
Greenland (Aagaard and Coachman, 1968; Schlichtholz and Houssais, 1999; Smedsrud et 
al., 2017). Previous sea ice reconstructions along the East Greenland margin provided valid 
information on the Last Glacial to Holocene sea ice variability (Müller et al., 2012; Kolling 
et al., 2017). However, older records offer the opportunity to study the variation of sea ice 
under the stress of steep climatic shifts within glacial-interglacial transitions. Often discussed 
as possible analogues for our future climate, the peak interglacials MIS 11 and MIS 5e are of 
special interest in this regard. Therefore, this study concentrates on the sea ice variability at 
the northeastern continental margin of Greenland since Marine Isotope Stage (MIS) 12. 
Measurements of specific biomarkers (HBIs, sterols) were carried out on the cores 
PS93/016-6 (82°N) and PS93/031-4 (79°N; Fig. 4.4.1) for this purpose. Furthermore, four 
sediment cores along the Lomonosov Ridge in the central Arctic Ocean (PS87/023-1, 
PS87/030-1, PS87/070-1, PS87/079-1; Fig. 4.4.1) were investigated to gain a more 
comprehensive picture of the Arctic paleoenvironment in late Quaternary. 
 
4.4.1.2 Reconstruction of Arctic sea ice cover  
 
The sea ice proxy IP25 (C25 HBI [highly branched isoprenoids] monoene = IP25; Belt et al., 
2007) offers the opportunity to study past sea ice variations, as it is biosynthesised by 


specific diatoms occupying the underside of seasonal sea ice (Belt et al., 2008; Brown et al., 
2014). The presence of this molecule in marine sediment cores can be directly linked to the 
former presence of spring sea ice cover (Belt et al., 2007; Xiao et al., 2015a). In order to 
circumvent the problem of misjudging absent IP25, either reflecting perennial ice cover or 
ice-free water, the sea ice proxy is combined with phytoplankton biomarkers in form of the 
so-called PIP25 index (phytoplankton marker – IP25 = PIP25; Müller et al., 2011). For the 
calculation of the PIP25 index, the sterols brassicasterol (i.e., PBIP25) and dinosterol (i.e., 
PDIP25) are the most commonly used open-water phytoplankton markers. These are produced 
by a variety of phytoplankton genera like dinoflagellates, diatoms and haptophytes (Boon et 
al., 1979; Robinson et al., 1984; Volkman et al., 1998). Both PBIP25 and PDIP25 yield positive 
correlations with modern satellite-derived sea ice conditions (Müller et al., 2011; Xiao et al., 
2015a) and were successfully applied in various studies from the Quaternary, the Pliocene 
and even the late Miocene (e.g., Müller et al., 2012; Stein and Fahl, 2013; Müller and Stein, 
2014; Knies et al., 2014; Belt et al., 2015; Hoff et al., 2016; Hörner et al., 2016; Stein et al., 
2016a, 2017a, 2017b; Clotten et al., 2018). The tri-unsaturated HBI lipid (HBI III) is a just 
recently proposed phytoplankton marker for the calculation of the PIP25 index (i.e., PIIIIP25). 
This compound is supposedly produced by marine diatoms that thrive proximal to the 
retreating sea ice edge in late spring (Belt et al., 2000; Rowland et al., 2001; Belt et al., 2015; 
Smik et al., 2016; Belt et al., 2017). However, the correlation of PIIIIP25 values to sea ice 
concentrations needs to be verified by further studies including sediment traps and broader 
surface data sets. The di-unsaturated HBI molecule (HBI II; Belt et al., 2007) represents 
another potential proxy for past sea ice conditions. Its co-occurrence with IP25 in Arctic 
sediments and its isotopic composition point to a sea ice related origin (Belt et al., 2007, 
2008; Vare et al., 2009; Xiao et al., 2013, 2015a). Previous studies applied the HBI II/IP25 
ratio (i.e., DIP25) to determine sea ice variability (Cabedo-Sanz et al., 2013) and the tendency 
of SSTs (Fahl and Stein, 2012; Xiao et al., 2013). 
 
4.4.1.3 Regional setting 
 
The central Artic Ocean is dominated by two main ocean current systems: the clockwise 
Beaufort Gyre north of Canada and the Transpolar Drift streaming from the Eurasian shelves 
towards Greenland. Between Greenland and Svalbard, the Fram Strait regulates the 
exchange of water masses between the Arctic Ocean and the North Atlantic (Mosby et al., 
1962; Aagaard and Greisman, 1975). In western Fram Strait, the major egress of polar 
freshwater and sea ice is propelled by the southward streaming East Greenland Current 
(Aagaard and Coachman, 1968; Rudels et al., 1999; Schlichtholz and Houssais, 1999; Haine 
et al., 2015; Smedsrud et al., 2017). The West Spitsbergen Current, on the other hand, carries 
 

relatively warm and saline Atlantic Water northward in eastern Fram Strait towards the 
Arctic Ocean (Coachman and Aagaard, 1974; Aagaard, 1982; Walczowski, 2013). The West 
Spitsbergen Current bifurcates between 78 and 80°N, with one part streaming eastward into 
the Arctic Ocean (Coachman and Aagaard, 1974; Aagaard et al., 1987; Manley et al., 1992; 
Manley, 1995; Rudels et al., 2015) and the other part turning westward to recirculate 
southward as the Return Atlantic Current (Bourke et al., 1988; Marnela et al., 2013; 
Hattermann et al., 2016).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4.1 Overview of the oceanographic setting in the Fram Strait. The sea ice concentrations (median from 
1978 – 2015) are displayed for (A) March and (B) September (Cavalieri et al., 1996, accessed August 2017). Red 
arrows indicate the inflow of warm Atlantic Water while white arrows refer to the circulation and export of polar 
water masses (WSC = West Spitsbergen Current, TPD = Transpolar Drift, BG = Beaufort Gyre, EGC = East 
Greenland Current). Core correlations are marked by circles, the herein investigated sediment cores are 
highlighted in yellow. The base map is from Jakobsson et al., 2012 (IBCAO). The sea ice concentrations were 
displayed using the Ocean Data View Software (Schlitzer, 2015). 
 
 
The distribution of sea ice in the Arctic Ocean and the Fram Strait is subject to a distinct 
seasonality. The central Arctic Ocean is entirely covered by sea ice during its annual 
maximum extent in March. Sea ice likewise prevails along the East Greenland margin while 
the western Svalbard margin remains ice-free up to 80°N during the winter months (Fig. 
4.4.1). When the annual sea ice minimum is reached in September, sea ice dominates in the 
northwestern Fram Strait from 76 - 78°N northward while the Svalbard Archipelago is 
completely ice free (NSIDC, https://nsidc.org, accessed January 2018). 
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4.4.2 Material and methods 
 
The cores PS87/023-1, PS87/030-1, PS87/070-1 and PS87/079-1 were recovered along the 
Lomonosov Ridge in the central Arctic Ocean during RV Polarstern expedition PS87 in 
2014 (Stein, 2015; Fig. 4.4.1; Table 4.4.1).  

Table 4.4.1 Investigated sediment cores. 
sediment core latitude longitude recovery [cm] water depth [m] 
     
PS87/023-1 86° 38' 14"N 44° 53' 59"W 698 2445 
PS87/030-1 88° 39' 43"N 61° 32' 31"W 628 1277 
PS87/070-1 83° 48' 10"N 146° 07' 01"E 770 1340 
PS87/079-1 83° 12' 04"N 141° 22' 46"E 676 1361 
PS93/031-4 79° 20' 58"N 03° 31' 26"W 820 2135 
PS93/016-6 81° 13' 12"N 07° 20' 24"W 746 1548 
 
The cores are composed of brown, beige and grey silty clays intercalated by sandy layers. 
The preliminary shipboard stratigraphy was based on the correlation of main lithologies and 
physical properties (wet bulk density, magnetic susceptibility) to corresponding values in 
adjacent cores (Stein et al., 2015). Accordingly, the cores PS87/070-1, PS87/079-1 from the 
Siberian side of the Lomonosov Ridge represent MIS 6 to MIS 1 (Fig. C2) while the cores 
PS87/023-1, PS87/030-1 from the Canadian side penetrate into MIS 19 (Figs. C3, C4).  
The cores PS93/016-6 and PS93/031-4 were recovered at the northeastern Greenland margin 
during RV Polarstern expedition PS93 in 2015 (Stein, 2016; Fig. 4.4.1; Table 4.4.1). Core 
PS93/016-6 consists of reddish silty clays intercalated by greyish brown horizons of coarser 
grain size. A prominent layer of dark grey sandy silty clay occurs between 290 and 350 cm 
core depth. (Fig. C5). Core PS93/31-4 is composed of three main lithologies: (1) brown, 
greyish brown and dark greyish brown, partly bioturbated silty clays, (2) alternations of 
clayey and silty greyish brown layers and (3) sandy silty clays with incorporated dropstones. 
Two intervals of reddish silty clays occur at 246-254 cm and 430-440 cm core depth (Fig. 
4.4.2; Stein et al., 2016b).  
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Figure 4.4.2 Line scan image and main lithologies 
of Core PS93/031-4. Diamonds indicate the 
occurrence of dropstones, horizontal lines refer to 
lamination. 
 
 
Bulk parameter analyses 
 
For organic-geochemical analyses, subsamples were taken from different intervals and 
stored in glass vials at –20°C. In the further course, the sediment was freeze-dried, ground 
and organic carbon contents were determined using a Carbon-Sulfur Analyser (CS-125, 
Leco). The total amounts of carbon (TC) and nitrogen (TN) were determined by means of a 
Carbon-Nitrogen-Sulfur Analyser (Elementar III, Vario). Assuming that the predominant 
carbonate phase is calcite, carbonate contents were calculated as CaCO3 = (TC – TOC) * 
8.333, where 8.333 is the stoichiometric calculation factor. 
Biomarker analyses 
 
For highly branched isoprenoids (HBIs) and sterol analyses, 5 g of sediment was extracted 
with an Accelerated Solvent Extractor (DIONEX, ASE 200; 100°C, 5 min, 1,000 psi; 
PS87/023-1, PS87/030-1, PS87/070-1, PS87/079-1) and ultrasonification (PS93/016-6, 
PS93/031-4) using dichloromethane:methanol (2:1 vol/vol) as solvent. Beforehand, the 
internal standards 7-hexylnonadecane (7-HND; 0.076 μg/sample) and cholesterol-d6 
(cholest-5-en-3β-ol-D6; 10.1 μg/sample) were added for biomarker quantification. 
Hydrocarbons and sterols were separated via open column chromatography using SiO2 as 
stationary phase and 5 ml of n-hexane followed by 9 ml of ethylacetate:n-hexane (2:8 
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vol/vol) as eluent, respectively. Sterols were silylated with 200 μl bis-trimethylsilyl-
trifluoroacet-amide (BSTFA; 60°C, 2h) in the next step. Compound identification was 
carried out with coupled gas chromatography – mass spectrometry (GC-MS; Agilent 
Technologies). GC measurements were carried out with the following temperature setup: 
60°C (3 min), 150°C (heating rate: 15 °C/min), 320°C (heating rate: 10 °C/min), 320°C (15 
min isothermal) for the hydrocarbons and 60°C (2 min), 150°C (heating rate: 15 °C/min), 
320°C (heating rate: 3 °C/min), 320°C (20 min isothermal) for the sterols. Helium served as 
carrier gas (1 ml/min constant flow). Specific compound identification was based on the 
comparison of retention times and mass spectra with literature references (sterols: Boon et 
al., 1979; Volkman, 1986; HBIs: Johns et al., 1999; Belt et al., 2000). The concentration of 
each biomarker was calculated by setting its individual GC-MS ion responses in relation to 
those of respective internal standards. For the quantification of the sterols (quantified as 
trimethylsilyl ethers), the molecular ions m/z 470 for brassicasterol (as 24-methylcholesta-
5,22E-dien-3β-ol), m/z 472 for campesterol (as 24-methylcholest-5-en-3β-ol), m/z 486 for β-
sitosterol (as 24-ethylcholest-5-en-3β-ol) and m/z 500 for dinosterol (as 4α,23,24R-
trimethyl-5α-cholest-22E-en-3β-ol) were used in relation to the molecular ion m/z 464 for 
the internal standard cholesterol-d6. For HBI quantification, their molecular ion (m/z 350 for 
IP25, m/z 348 for HBI II and m/z 346 for HBI III) was compared to the fragment ion m/z 266 
for the internal standard 7-HND. The different responses of these ions were balanced by an 
external calibration curve (see Fahl & Stein, 2012). All biomarker concentrations were 
corrected to the amount of extracted sediment and organic carbon content.  
PIP25 indices (phytoplankton biomarker combined with IP25) were calculated following the 
equation of Müller et al. (2011): PIP25 = IP25/(IP25+(plankton marker*c)), where c is a 
balance factor to compensate possible concentration differences between IP25 and the 
plankton marker (c = mean IP25 concentration/mean plankton marker concentrations). In this 
regard, brassicasterol and HBI III were used as phytoplankton marker. All data will be 
available online on PANGAEA. 
 
4.4.3 Results 
 
The analysed intervals of the cores from the central Arctic Ocean, i.e., PS87/023-1, 
PS87/030-1, PS87/070-1, PS87/079-1, are characterised by absent IP25 and negligible sterol 
contents (Figs C2, C3, C4). The same applies for Core PS93/016-6 from the northeastern 
Greenland margin (Fig. C5). 
For Core PS93/031-4, the TOC content fluctuates around a mean value of 0.4% with 
enhanced concentrations from 620 to 550 cm, around 420 to 320 cm, from 250 to 180 cm 
and from 150 to 90 cm core depth (Fig. 4.4.3). The carbonate content and the C/N ratio show 
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highly fluctuating signals that move inphase around mean values of 8% and 10, respectively 
(Fig. 4.4.3).  
Figure 4.4.3 TOC content [%], C/N ratio, carbonate content [%] and biomarker contents [µg/g OC] of Core 
PS93/031-4 against depth. The black line indicates the floating average of three data points.  
 
 
The biomarker contents move synchronously throughout the entire record. In the lowermost 
part of the core (830 - 540 cm), generally enhanced concentrations of up to 0.4 µg/g TOC for 
IP25, 0.5 µg/g TOC for HBI II, 0.25 µg/g TOC for HBI III, 15 µg/g TOC for brassicasterol, 3 
µg/g TOC for dinosterol and 35 µg/g TOC for the terrigenous sterols can be observed. 
However, there is a high variability with occasionally minor or even absent concentrations 
(Fig. 4.4.3). At 540 cm core depth, biomarker concentrations decline to minimum values 
with HBI II and HBI III being completely absent. The overlying interval between 390 and 80 
cm core depth holds enhanced biomarker contents (up to 0.75 µg/g TOC for IP25, 0.2 µg/g 
TOC for HBI II, 0.15 µg/g TOC for HBI III, 12 µg/g TOC for brassicasterol, 3.5 µg/g TOC 
for dinosterol and 35 µg/g TOC for the terrigenous sterols), again with intermittent phases of 
minor or zero values (Fig. 4.4.3). For the uppermost part of the core, IP25, HBI II and HBI III 
are absent while the sterols show minimum concentrations.  
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4.4.4 Discussion 
4.4.4.1 Stratigraphic framework 
 
According to the shipboard age model, Core PS93/016-6 penetrates into MIS 6 (Fig. C5). 
This tentative stratigraphy is supported by three AMS14C datings at 53, 83 and 187 cm 
(Table 4.4.2).  
Table 4.4.2 AMS14C datings for Core PS93/016-6. 
Lab-ID  Depth 
[cmbsf] 
Material Corrected Ages, 14C 
years 
Calibrat
ed Ages 
     
KIA 51158 53 N.pachyderma sin. 23920± 140 ka BP 27663 
KIA 51159 83 N.pachyderma sin. 37040± 500 ka BP 41173 
KIA 51160 187 N.pachyderma sin. 50580± 2620 ka BP 52162 
Radiocarbon dates were corrected for a reservoir effect of 400 years (Stuiver and Braziunas, 1993; Sarnthein and 
Werner, 2017) and converted to calendar ages (ka) using the Oxcal 4.3 calibration programme and the ‘‘IntCal 
13’’ calibration data set (Ramsey and Lee, 2013; Reimer et al., 2013). 
 
The age model of Core PS93/031-4 (cf., Stein, 2016) is based on the correlation of the 
magnetic susceptibility (MS), wet bulk density (WBD) and carbonate records to adjacent 
cores along the eastern Greenland margin (PS2887-1, PS1230-1, M23352-2, PS1243-1). The 
age models of these cores are based on a combination of isotope stratigraphy, AMS14C 
datings and biostratigraphy (Fig. C1; Nørgaard-Pedersen and Spielhagen, 2000; Bauch and 
Erlenkeuser, 2001; Bauch et al., 2001;Thiede et al., 2011). The time interval from MIS 6 to 
MIS 1 can be deduced from the correlation of the MS and WBD records to nearby Core 
PS2887-1 (Fig. 4.4.4B). Below, the stratigraphic assessment is more complicated. Between 
740 and 790 cm core depth, Core PS93/031-4 is characterised by enhanced carbonate 
contents together with a distinct low in the WBD record (Fig. 4.4.4A). The same carbonate 
peak and WBD low (if available) is associated with MIS 11 in the cores PS1230-1, M23352-
2 and PS1243-1 (Fig. 4.4.4). According to linear extrapolation, the base of Core PS93/031-4 
penetrates into MIS 12 (Fig. 4.4.5). In order to improve this tentative age model of Core 
PS93/031-4, measurements of the stable isotopes are planned. As seen in the isotope records 
of various sediment cores from the region, the oxygen and carbon isotope stratigraphy is 
applicable despite the influence of enhanced meltwater release (Fig. C1). 
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Figure 4.4.4 Preliminary stratigraphy of Core PS93/031-4 (cf., Stein, 2016) based on the correlation of the 
magnetic susceptibility, wet bulk density and carbonate records to the cores PS2887-1 (Nørgaard-Petersen and 
Spielhagen, 2000; Kleiber and Niessen, 2006), PS1230-1 (Bauch et al., 2001; Thiede et al., 2011), M23352-2 
(Holler and Kassens, 1989; Bauch and Erlenkeuser, 2001) and PS1243-1 (Bauch and Erlenkeuser, 2001; 
Birgisdóttir and Thiede, 2002) along the eastern Greenland margin. Grey shading refers to interglacial stages.  
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Figure 4.4.5 Age-depth model of Core PS93/031-4 based on the preliminary stratigraphy. A linear interpolation 
was used to calculate ages in between the age fix points (yellow stars). MIS boundaries are indicated by dashed 
lines, grey shading refers to interglacial stages. 
 
 
4.4.4.2 The variability of Arctic sea ice since Marine Isotope Stage 12 
 
During the late Quaternary, the Arctic Ocean underwent major climatic and environmental 
shifts in the course of glacial-interglacial transitions. Apparently unaffected by this, the more 
central parts of the Arctic Ocean experienced a perennial sea ice cover throughout warm and 
cold stages, as inferred from the biomarker records of the cores PS87/023-1, PS87/030-1, 
PS87/070-1 and PS87/079-1 along the Lomonosov Ridge. Both IP25 and the open-water 
phytoplankton biomarkers are absent, indicating most severe sea ice coverage (Figs. C2, C3, 
C4). Under such conditions, the primary production in the surface water is strongly 
diminished due to insufficient light supply. These new data support results of previous 
biomarker reconstructions on sediment cores from the Alpha-Mendelejev Ridge (PS51/038, 
Fig. 4.4.1) and the Morris Jesup Rise (PS2200, Fig. 4.4.1) off northern Greenland indicating 
a perennial sea ice cover during MIS 6 and MIS 5 (Stein et al., 2017a). Likewise, most 
severe sea ice conditions dominated the northeastern continental margin of Greenland at 
82°N as suggested from minimum biomarker concentrations in Core PS93/016-6 (Fig. C5). 
In addition to the export of sea ice via the East Greenland Current, the persistent stream of 
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cold polar freshwater likely facilitated local sea ice formation in this area. Following the 
eastern Greenland margin in a southern direction, distinct biomarker variations at the core 
site of PS93/031-4 at 79°N indicate pronounced shifts in the sea ice conditions that may be 
tied to glacial-interglacial transitions. However, the interpretation of these variations relies 
on a preliminary age model and should be considered with caution. 
 
Sea ice conditions at the northeastern Greenland margin during intervals of extended 
glaciation 
 
In the Arctic Ocean, glacial intervals are associated with a reduced, albeit persistent, inflow 
of Atlantic Water and intense glaciation of the continental shelves (Henrich, 1998; Landvik 
et al., 1998; Mangerud et al., 1998; Knies et al., 1999; Svendsen et al., 2004; Ingólfsson and 
Landvik, 2013; Jakobsson et al., 2014; Ezat et al., 2014; Hughes et al., 2016; Zhuravleva et 
al., 2017). 
At the outer East Greenland Shelf (PS93/031-4; 79°N), concurrently enhanced 
concentrations of IP25 and the open-water phytoplankton markers brassicasterol, dinosterol 
and HBI III can be observed during glacial intervals (Fig. 4.4.6). The related PBIP25 values 
are around 0.5, suggesting the presence of marginal sea ice cover above the core site. Such 
seasonally open-water areas during intervals of extended glaciation were previously recorded 
from the Nordic Seas (Bauch et al., 2001), the Yermak Plateau (Müller et al., 2009; Stein et 
al., 2012; Müller and Stein, 2014; see also chapter 4.2) and the East Siberian continental 
margin (Stein et al., 2017a) in front of the Fennoscandinavian-Barents, the Svalbard Barents 
Sea and the East Siberian Chuckchi ice sheets, respectively. It was suggested that katabatic 
winds might have created polynyas in the ice-infested ocean in front of the ice sheets (Knies 
and Stein, 1998; Knies et al., 1999, 2000). While the modern Greenland Ice Sheet is only a 
remnant of its appearance during the Last Glacial Maximum, it was strongly extended during 
glacial periods with repeated advance onto the continental shelf (Jennings et al., 2002; Stein, 
2008; Dowdeswell et al., 2010; Larsen et al., 2010). Hence, the propagation of open-water 
areas in front of the extended ice sheet might explain the marginal sea ice conditions at the 
outer shelf during glacial intervals (MIS 12, MIS 10, MIS 8, MIS 5d - 5b, MIS 4; Fig. 4.4.7).  
As nowadays observed for the NE-polynya off the northeastern coast of Greenland, these 
areas are high productivity hotspots (Birgel and Stein, 2004). Because Arctic sea ice carries 
large amounts of terrigenous material, an enhanced input of nutrients can be observed along 
the ice edge (Nürnberg et al., 1994; Reimnitz et al., 1995; Pfirman et al., 1997; Darby et al., 
2011). The enhanced contents of the terrigenous biomarkers (campesterol, β-sitosterol) 
together with C/N values above 10 during most glacial intervals in Core PS93/031-4 further 
support an ice edge position above the core position during these intervals (Fig. 4.4.6). 

According to the preliminary age model, a different scenario applies for the glacials MIS 6 
and MIS 2. Maximum PBIP25 and PIIIIP25 values in Core PS93/031-4 indicate the 
establishment of a lasting ice cover at the northeastern Greenland margin (Figs. 4.4.6, 4.4.7).  
 
 
Figure 4.4.6 Fluctuations of the C/N ratio (brown), the terrigenous biomarkers (summed campesterol and β-
sitosterol; orange), IP25 (black), brassicasterol (green), HBI III (blue), PBIP25 (green) and PIIIIP25 (blue) of Core 
PS93/031-4 against age. The LR04 stack of global δ18O values is displayed to indicate the global ice volume 
(Lisiecki and Raymo, 2005). 
 
The Greenland Ice Sheet reached its largest extensions during MIS 6 (Hjort, 1981; Funder et 
al., 1998; Wilken and Mienert, 2006) and was greatly expanded onto the continental shelf 
during MIS 2 (Stein, 2008; Alley et al., 2010; Hughes et al., 2016). Hence, the ice sheet 
might have covered the core position of PS93/031-4 during these time intervals. 
Alternatively or additionally, an enormously strong export of sea ice and polar water masses 
might have induced a year-round coverage with sea ice. Either way, the production of ice 
algae and open-water phytoplankton as well as the overall material release was prohibited 
during these intervals. 
 
 
 
Sea ice conditions at the northeastern Greenland margin during warm intervals 
 
In the Arctic Ocean, the transition from glacial to interglacial stages was associated by the 
disintegration of Northern Hemisphere ice sheets and an intensified inflow of Atlantic Water 
(Henrich, 1998; Knies et al., 1999; Matthiessen et al., 2001; Matthiessen and Knies, 2001; 
Wollenburg et al., 2001; Spielhagen et al., 2004). Meanwhile, decreased contents of IP25 and 
the phytoplankton markers in Core PS93/031-4 reflect a shift from marginal to more severe 
sea ice conditions at the northeastern Greenland margin (Fig. 4.4.6). Among the interglacials 
of the last 500 ka, the stages MIS 11 (424 - 374 ka) and MIS 5e (130 - 115 ka) hold orbital 
parameter configurations similar to the recent interglacial and are often discussed as 
potential analogues for the present and future climate development (Berger and Loutre, 
1991, 2002, 2003; Berger et al., 2003; Droxler et al., 2003; Dickson et al., 2009; Alley et al., 
2010; Bowen, 2010). MIS 11 is suggested to be one of the longest and warmest interglacial 
of the late Quaternary with global mean temperatures 2°C higher than the preindustrial 
(McManus et al., 1999; Masson-Delmotte et al., 2010; Milker et al., 2013; Dutton et al., 
2015). However, the climatic conditions around the world were more complex. While the 
lower to mid latitudes experienced an exceptional warming (Kandiano and Bauch, 2003, 
2007; de Abreu et al., 2005; Kandiano et al., 2012), temperatures in the higher latitudes were 
slightly lower than during the Holocene Climate Optimum (Oppo et al., 1998; Bauch et al., 
2000; Bauch and Erlenkeuser, 2001; Helmke and Bauch, 2003; Kandiano et al., 2012). 
Nevertheless, the long duration of the MIS 11 interglacial caused an almost complete loss of 
the Greenland Ice Sheet (Hatfield et al., 2016; Reyes et al., 2014; Robinson et al., 2017) and 
a rise of the global sea level of 6 to 13 m (Muhs et al., 2012; Raymo and Mitrovica, 2012; 
Dutton et al., 2015). Thus, pollen analyses in the NE Labrador Sea suggest the existence of 
boreal coniferous forests in southern Greenland (Willerslev et al., 2007; De Vernal and 
Hillaire-Marcel, 2008). However, the biomarker records of Core PS93/031-4 indicate the 
predominance of most severe sea ice conditions along the northern continental margin of 
East Greenland during MIS 11 (Figs. 4.4.7, 4.4.8). Decreased contents of the sea ice proxy 
IP25 and the open-water phytoplankton biomarkers brassicasterol, dinosterol and HBI III 
indicate suboptimal conditions for both sea ice and open-water algal growth (Figs. 4.4.6, 
4.4.8). Accordingly, the PIP25 indices show elevated values implicating a pervasive sea ice 
cover. The expansion of the Eurasian ice sheets during MIS 12 was very large and 
Termination V was anomalously long (Oppo et al., 1998; McManus et al., 1999; de Abreu et 
al., 2005; Bowen, 2010). Paleoceanographic studies along East Greenland and in the Nordic 
Seas identified several cold events caused by enhanced meltwater release (Kandiano et al., 
2017). The strong dominance of the low-salinity freshwater probably promoted an enhanced 
stratification of the water masses and contributed to the maintenance of cold conditions 

through ice albedo feedback mechanisms. Hence, the northern continental margin of East 
Greenland was dominated by extensive sea ice conditions despite an enhanced boreal 
insolation. However, a seasonal ice break-up must have been present most of the time due to 
the nearly steady, albeit very low, input of biomarkers.  
 
Figure 4.4.7 IP25 [µg/g OC] versus (A) brassicasterol [µg/g OC] and (B) HBI III [µg/g OC]. The classification of 
the different sea ice conditions for the crossplots of IP25 and brassicasterol (i.e., less, variable/seasonal, extended 
and permanent ice cover) follows Müller et al. (2011) and Xiao et al. (2015a). Intervals of extended glaciation are 
indicated in blue, interglacial stages in red. The peak interglacial stages MIS 11 and MIS 5e are highlighted in 
yellow. 
 
 
The intense impact of meltwater and sea ice discharge from the interior Arctic Ocean can be 
traced into the Nordic Seas, where sea ice prevailed throughout MIS 11 (Bauch, 1997; Bauch 
et al., 2000; Kandiano et al., 2012). Along the southeastern continental margin of Greenland, 
a distinct IRD-free interval between 415 and 405 ka coincides with the occurrence of the 
subpolar foraminifera species T. quinqueloba and C. wuellerstorfi as well as high 
abundances of coccoliths (Fig. 4.4.8; Bleil and Gard, 1989; Bauch, 1997; Bauch et al., 2000; 
Helmke et al., 2003; Thiede et al., 2011; Kandiano et al., 2012, 2016, 2017). These suggest 
an enhanced influence of warm Atlantic Water (Bauch et al., 2000). However, the 
continuously strong influence of polar surface water masses during MIS 11 can be inferred 
from the only slightly decreased abundances of the polar foraminifera species N. 
pachyderma (Fig. 4.4.8; Bé and Tolderlun, 1971; Kellogg, 1980; Bauch, 1997; Bauch et al., 
2000, 2001; Kandiano et al., 2012, 2016, 2017). Due to the persistent release of polar 
meltwater, Atlantic Water probably advected northward as a laterally restricted boundary 
current in eastern Fram Strait (Bauch, 1997). Moreover, a certain proportion of the Atlantic 
Water might have turned westward into the Iceland Sea, where the warm water triggered 
 
further deglaciation of southern Greenland. This might explain the maintenance of severe sea 
ice conditions along northeastern Greenland while boreal forests propagated in southern 
Greenland (de Vernal and Hillaire-Marcel, 2008; Kandiano et al., 2012).  
Figure 4.4.8 Fluctuations of IP25 (black), brassicasterol (dark green), HBI III (light green), PBIP25 (black) and 
PIIIIP25 (grey) of Core PS93/031-4 for (A) the Last Interglacial (MIS 5e) and (B) MIS 11. The relative 
abundances of the foraminifera species N. pachyderma (blue) and T. quinqueloba (red) as well as the IRD content 
and SSTs are displayed for (A) Core PS1243-1 (Bauch et al., 2001) and (B) MD99-2277 (Helmke et al., 2003; 
Kandiano et al., 2012, 2016) from the southestern Greenland Shelf. Furthermore, the insolation at 80°N (Laskar 
et al., 2004) and the global sea level (Spratt and Lisiecki, 2016) are illustrated for both intervals.  
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Comparable conditions along the eastern Greenland margin can be observed for the Last 
Interglacial (130 - 115 ka). During MIS 5e, global mean temperatures were estimated to have 
been 0.5 - 1°C warmer than during the preindustrial (Dutton et al., 2015; Hoffman et al., 
2017; Otto-Bliesner et al., 2013). The global sea level might have been 6 - 9 m above the 
present (Dutton and Lambeck, 2012; Dutton et al., 2015; Kopp et al., 2009, 2013; O’Leary et 
al., 2013). Equal to MIS 11, the biomarker records of Core PS93/031-4 reveal a prevalence 
of severe sea ice conditions at the eastern continental margin of Greenland during MIS 5e 
(Figs 4.4.7, 4.4.6, 4.4.8). At the southeastern Greenland margin, rising sea surface 
temperatures are reflected by increased abundances of subpolar foraminifera (T. 
quinqueloba) around 128 ka together with a sharp decrease in IRD supply (Fig. 4.4.8; 
Zhuravleva et al., 2017). However, several meltwater events can be traced along eastern 
Greenland (Zhuravleva et al., 2017). In the Nordic Seas, the polar planktic foraminifera 
species N. pachyderma fluctuated over 90% (Bauch, 1997), which corresponds in the 
modern setting to the maximal extent of winter sea ice cover (Johannessen et al., 1994). 
Similar to MIS 11, various studies from the Fram Strait described the inflow of Atlantic 
Water as a strong easterly boundary current during MIS 5e (Bauch et al., 1999, 2012; Bauch 
and Erlenkeuser et al., 2008; Risebrobakken et al., 2005, 2007; Zhuravleva et al., 2017). The 
huge freshwater discharge likely repressed the spreading of warm Atlantic Water (Van 
Nieuwenhove et al., 2011). In addition, relatively strong westerlies are recorded for the 
Eemian interval that enhanced the influence of polar water masses in eastern Fram Strait 
(Blindheim et al., 2000; Risebrobakken et al., 2005, 2007). These outcomes are also in 
accordance with the prevalence of extended sea ice conditions along the western continental 
margin of Svalbard during MIS 5e (see chapter 4.2).  
 
4.4.5 Conclusion 
 
Our biomarker records from the central Arctic Ocean and the East Greenland margin 
complement the overall picture of sea ice variations in late Quaternary. Valuable insights 
into the complex relation between sea ice cover and various environmental forces such as ice 
sheet activity, Atlantic Water inflow and polar water outflow throughout glacial-interglacial 
cycles since MIS 12 could be provided. 
The following conclusions can be drawn: 
• Perennial sea ice cover prevailed throughout glacial and interglacial intervals along 
the Lomonosov Ridge in the central Arctic Ocean, as indicated by the absence of 
IP25 in the cores PS87/023-1, PS87/030-1, PS87/070-1 and PS87/079-1. 
 	
• A permanent sea ice cover prevailed also at the northeastern Greenland margin at 
82°N (PS93/016-6), probably caused by the persistent outflow of polar water masses 
in this region. 
• Distinct fluctuations of the biomarker contents in Core PS93/031-4 indicate major 
changes in the sea ice cover at the northeastern Greenland margin at 79°N. Referring 
to a preliminary stratigraphy, these variations may be associated with glacial-
interglacial transitions. In order to verify this assumption, the tentative age model 
will be supplemented by isotope analyses. In the highly dynamic study area, small 
adjustments of the age model might have major impact on the interpretation of sea 
ice conditions.  
• According to the tentative stratigraphy, intervals of extended glaciation (MIS 12, 10, 
8, MIS 5d – 5b, 4) may have been characterised by marginal sea ice conditions. 
Most likely, katabatic winds blowing from the extended Greenland Ice Sheet 
triggered the formation of a polynya on the East Greenland Shelf. In contrast, the 
glacial intervals MIS 6 and 2 are characterised by perennial sea ice cover or the 
advance of the ice sheet onto the outer shelf area.  
• Interglacial stages are predominated by more severe sea ice conditions. Despite the 
intensified boreal insolation, even the peak interglacials (MIS 11, MIS 5e) show 
indications of an extended sea ice cover. The enormous meltwater release in the 
aftermath of intense Northern Hemisphere glaciations had a significant impact on 
the oceanography in western Fram Strait and promoted extensive sea ice cover. 
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5. Conclusions and further perspectives 
 
Major outcomes 
 
The overarching purpose of this thesis was to improve the understanding of sea ice in a 
climatically changing environment. In this regard, biomarker-based sea ice reconstructions 
were carried out on eight sediment cores from the central Arctic Ocean (PS87/023-1, 
PS87/030-1, PS87/070-1, PS87/079-1) and the Fram Strait (PS93/006-1, PS92/039-2, 
PS93/016-6, PS93/031-4). These provided valid information concerning the response of sea 
ice to glacial-interglacial transitions since MIS 11.  
First of all, it could be shown that the more central parts of the Arctic Ocean remained under 
a thick sea ice cover throughout warm and cold stages. At the eastern part of the Lomonosov 
Ridge (PS87/070-1, PS87/079-1), the prevalence of perennial sea ice conditions could be 
traced back to MIS 6 while the western side (PS87/023-1, PS87/030-1) was permanently 
covered by ice since MIS 12 (Fig. 5.1). These new data supplement biomarker-based sea ice 
reconstructions indicating a permanent sea ice cover at the Alpha-Mendelejev Ridge 
(PS51/038) and the Morris Jesup Rise (PS2200) off northern Greenland during MIS 6 and 
MIS 5 (Fig. 5.1; Stein et al., 2017a). A similar scenario applies for the northeastern 
continental margin of Greenland at 82°N (PS93/016-6). Underlying the persistent stream of 
cold polar water masses and sea ice out of the interior Arctic, the maintenance of perennial 
sea ice conditions was favoured at this core site since MIS 6. Towards the (present) marginal 
ice zone in the Fram Strait, significant sea ice variations along the East Greenland margin 
(PS93/031-4; 79°N), the western Svalbard margin (PS93/006-1) and the eastern Yermak 
Plateau (PS92/039-2) were associated with major glacial-interglacial shifts. However, a 
simplified scenario with more sea ice during cold and less sea ice during warm stages is not 
applicable for this highly unique area. The repeated build-up and decay of Northern 
Hemisphere ice sheets strongly impacted the paleoenvironmental conditions in the Fram 
Strait (Landvik et al., 1998; Mangerud et al., 1998; Svendsen et al., 2004; Ingólfsson and 
Landvik, 2013; Jakobsson et al., 2014; Hughes et al., 2016). During phases of decreased 
boreal insolation, the Greenland Ice Sheet and the Svalbard Barents Sea Ice Sheet advanced 
onto the continental shelves in western and eastern Fram Strait, respectively. According to a 
preliminary age model, the outer shelf northeast of Greenland (PS93/031-4, 79°N) 
experienced a concurrent establishment of marginal sea ice conditions during the intervals 
MIS 12, MIS 10, MIS 8, MIS 5d - 5b and MIS 4. Further, indications for the presence of a 
stationary ice margin during intervals of enhanced glaciation (MIS 6, MIS 4, MIS 5d - 5b, 
MIS 2) were observed at the eastern Yermak Plateau (PS92/039-2). It is likely that strong 
katabatic winds were constantly blowing from the extended ice sheets towards the ocean and 
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pushed drifting sea ice away from the shelf edge (Fig. 5.1; Knies and Stein, 1998; Knies et 
al., 1999, 2000). In this way, open-water areas were created along the ice sheet that fostered 
primary production in the surface water due to the high suspension of nutrients from melting 
sea ice (Smith, 1987; Sakshaug, 2004; Birgel and Stein, 2004, Stein et al., 2016a). Such a 
scenario is also in accordance with the simultaneously enhanced input of terrigenous 
material at both core sites. Together with reconstructions of seasonal sea ice conditions along 
the East Siberian continental margin during MIS 6 (Stein et al., 2017a), these outcomes 
contradict the hypothesis of an advance of the Northern Hemisphere ice sheets beyond the 
continental shelves into the central Arctic Ocean during the Saalian glaciation (Jakobsson et 
al., 2016).  
 
Figure 5.1 Schematic illustration of a possible scenario for the sea ice cover in the Fram Strait under (A) glacial 
and (B) interglacial conditions. Yellow stars indicate the sediment cores investigated in this thesis (1: PS87/079-
1, 2: PS87/070-1, 3: PS87/030-1, 4: PS87/023-1, 5: PS93/016-6, 6: PS93/031-4, 7: PS93/006-1, 8: PS92/039-2). 
Grey stars refer to sea ice reconstructions of previous studies (9: PS2200 [Stein et al., 2017a], 10: MSM05/5-712-
2 [Müller et al., 2012], 11: PS2837-5 [Müller et al., 2009; Stein et al., 2012; Müller and Stein, 2014], 12: 
PS2138-1 [Stein et al., 2017a]). The light red shading indicates the persistent, but decreased, northward advection 
of Atlantic Water during glacials, while the dark red shading refers to the inflow of Atlantic Water as a strong 
easterly boundary current during interglacials. The teal arrows indicate the outflow of polar water masses from 
the interior Arctic Ocean. Black arrows highlight katabatic winds blowing from the extended ice sheet seawards. 
The sea ice conditions at the core position 6 (PS93/031-4) are based on a preliminary stratigraphy and should be 
considered with caution. 
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During maximum ice sheet expansion, however, both the Yermak Plateau and the East 
Greenland margin showed indications of a year-round ice cover that might suggest a 
temporary cover by the ice sheets. Meanwhile, the western continental margin of Svalbard 
(PS93/006-1) was characterised by an extended seasonal sea ice cover during glacial 
intervals (Fig. 5.1). These severe sea ice conditions are consistent with further sea ice 
reconstructions along the western Svalbard margin (i.e., MSM05/5-712-2, Müller et al., 
2012), the western Yermak Plateau (i.e., PS2837-5, Müller et al., 2009; Stein et al., 2012; 
Müller and Stein, 2014) and the northeastern continental margin of Svalbard (i.e., PS2138-1, 
Stein et al., 2017a; Fig. 5.1). An ephemeral ice break-up during summer was probably 
caused by the persistent, yet reduced, inflow of Atlantic Water (Henrich, 1998; Knies et al., 
1999; Ezat et al., 2014). These areas of seasonally open water during glacial intervals were 
considered as essential moisture sources for the final growth of Northern Hemisphere ice 
sheets (Hebbeln et al., 1994; Dokken and Hald, 1996). Indications of a permanently closed 
sea ice cover along the western Svalbard margin were associated with absolute insolation 
minima and extensive expansion of the Svalbard Barents Sea Ice Sheet during early MIS 6, 
the Penultimate Glacial Maximum, the stadial MIS 5d, MIS 4 and the Last Glacial 
Maximum (Fig. 5.1). 
Along with the rising insolation at the transition to interglacial stages, the major Northern 
Hemisphere ice sheets disintegrated and drained enormous quantities of freshwater into the 
Arctic Ocean. Contemporaneously, the establishment of severe sea ice conditions could be 
observed at the northeastern continental margin of Greenland (PS93/031-4, 79°N). Besides 
the export of sea ice from the interior Arctic Ocean, the local formation of sea ice was likely 
facilitated by the low salinity of the cold polar surface water. A concurrent shift from 
marginal to perennial sea ice conditions above the Yermak Plateau might have been induced 
by the southward migration of the Svalbard Barents Sea Ice Sheet together with the 
deformation of the coastal polynya north of Svalbard. Contrastingly, a distinct reduction of 
the sea ice cover was observed along the western Svalbard margin (PS93/006-1; MSM05/5-
712-2, Müller et al., 2012), the western Yermak Plateau (PS2837-5, Müller et al., 2009; 
Stein et al., 2012; Müller and Stein, 2014) and the northeastern Svalbard margin (PS2138-1, 
Stein et al., 2017a) during interglacial stages (Fig. 5.1). Together with the enhanced 
insolation, the intensified advection of warm Atlantic Water along the western continental 
margin of Svalbard likely caused a northward retreat of the sea ice edge during interglacial 
stages (Henrich, 1998; Knies et al., 1999; Matthiessen et al., 2001; Matthiessen and Knies, 
2001; Wollenburg et al., 2001; Spielhagen et al., 2004). Interestingly, the peak interglacials 
MIS 11 and MIS 5e were associated with rather extensive and long lasting seasonal sea ice 
cover in the Fram Strait. Owing to the strong dominance of polar meltwater in the aftermath 
of intense Northern Hemisphere glaciation, Atlantic Water penetrated as a strong easterly 
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boundary current within the Fram Strait and submerged relatively early beneath the polar 
surface water (Bauch, 1997; Bauch et al., 1999, 2012; Bauch and Erlenkeuser et al., 2008; 
Risebrobakken et al., 2005, 2007; Zhuravleva et al., 2017). 
In the herein investigated records, the presence of permanent versus seasonal sea ice cover 
was reflected equally well by the different PIP25 indices (i.e., PBIP25, PDIP25, PIIIIP25). 
Especially the PBIP25 and PDIP25 indices resembled each other to a great extent, while the 
PIIIIP25 index showed generally higher values suggesting more severe sea ice conditions. 
These slight deviations are likely attributable to differences in source organisms and 
preferential environmental boundary conditions. However, the overall trend of sea ice 
variations was similar, verifying the applicability of the HBI III compound for the PIP25 
calculation within this specific region and time frame.  
 
Outlook  
 
The outcomes of this thesis complement the overall picture of Arctic sea ice conditions in 
late Quaternary. Valuable insights regarding the interplay of sea ice with various 
environmental forces (i.e., ice sheet activity, Atlantic Water inflow, freshwater outflow) 
throughout glacial-interglacial transitions could be revealed. However, these represent only 
pieces of a puzzle. On the time scales investigated in this thesis, sea ice reconstructions in 
the Arctic Ocean are rare but urgently needed. Especially in the Fram Strait, where rapid 
shifts may occur within relatively short distances and time scales, further records will help to 
clarify the complex interactions of sea ice.  
A promising region for prospective investigations in this regard would be the Svalbard-
Barents Sea continental margin. Further sea ice reconstructions during intervals of steep 
climatic shifts, hence the transition from peak glacial to peak interglacial stages will help to 
identify the impact of Atlantic Water inflow versus ice sheet activity. As shown within this 
thesis, the Fram Strait experienced severe sea ice conditions during the peak interglacials 
MIS 11 and MIS 5e. Rather cold conditions were further indicated by the seasonal 
occurrence of sea ice in the Nordic Seas. This was attributed to the intense drainage of 
glacial meltwater out of the Arctic Ocean along the western Fram Strait. The cold polar 
surface water likely suppressed the effective northward advection of warm Atlantic Water. 
Meanwhile, the propagation of boreal forests could be observed in southern Greenland. It 
was suggested that the wide southward influence of polar surface water triggered a partial 
westward deflection of Atlantic Water causing milder conditions in southern Greenland. 
Therefore, further sea ice reconstructions following the East Greenland margin southward 
might improve the understanding of the heat transport to the Arctic Ocean during times of 
extensive meltwater release. 
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In terms of polar water discharge along the East Greenland margin, it would be of great 
interest to identify the different sources and pathways of this freshwater. While the 
disintegration of Northern Hemisphere ice sheets delivered surely the main proportion, other 
sources might be important contributors. Nowadays, the enormous river discharge and the 
inflow of low-salinity Pacific Water via the Bering Strait are essential freshwater sources for 
the Arctic Ocean. Under full-glacial conditions, the shallow Bering Strait was closed due to a 
significantly lowered sea level. With the rising sea level at the transition to interglacial 
intervals, the gateway was flooded and enabled the inflow of Pacific freshwater. In order to 
decipher the impact of this process upon sea ice conditions in the Fram Strait and the North 
Atlantic, comparative studies investigating variations of sea ice and oceanographic 
conditions in the Bering and Fram Strait areas would be highly relevant. 
One aspect definitely defining the reliability of prospective sea ice reconstructions refers to 
the stratigraphy of sediment cores. Beyond the limit of radiocarbon dating, age models have 
to rely on a combination of stratigraphic approaches like isotope stratigraphy and core-to-
core correlation. As isotope records may be biased by distinct meltwater release and 
available basis parameter records (with definite ages) are rare, the development of a reliable 
age model is highly complicated. In order to overcome this problem, the establishment of a 
valid stratigraphy for distinct regions, in the manner of Jessen et al. (2010) provided for the 
western Svalbard margin, would be key to improve future paleoenvironmental 
reconstructions. 
Regarding the approach of sea ice reconstructions, the application of the PIIIIP25 index could 
be verified for the herein investigated records in the Fram Strait. In surface sediments from 
the Barents Sea, PIIIIP25 values provided realistic estimates of spring sea ice concentrations 
with a threshold of >0.8 linked to the presence of summer sea ice (>5% summer sea ice 
concentration; Smik et al., 2016). However, in order to establish a valid calibration between 
PIIIIP25 values and sea ice conditions in the Arctic Ocean, broader (ideally pan-Arctic) 
surface sediment data sets are required. Doing this will improve the evaluation of the HBI III 
compound for sea ice reconstructions. Moreover, the analyses of sediment trap samples will 
help to understand the environmental conditions responsible for the production of this 
specific compound. 
 
One of the greatest challenges and responsibilities of the 21st century is to find coping 
strategies for the recent climate change. The reconstruction of paleaoenvironmental 
conditions is surely the foundation for this venture. However, the chances of success are 
strictly coupled to an adequate communication and presentation of scientific outcomes in 
order to initiate a process of rethinking within society and economy.  
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7. Appendix 
The generated data of Core PS92/039-2 (chapter 4.2) are published on the Data Publisher 
for Earth & Environmental Science - PANGAEA (doi.org/10.1594/PANGAEA.884795). The 
generated data for the cores PS93/006-1 (chapter 4.3), PS93/031-4, PS93/016-6, PS87/023-1, 
PS87/030-1, PS87/070-1 and PS87/079-1 (chapter 4.4) will be accessible as soon as the 
manuscripts are published. 
The Appendix is separated into three parts - Appendix A, Appendix B, Appendix C - 
providing supplementary material of chapter 4.2, chapter 4.3 and chapter 4.4, respectively.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

7.1 Appendix A 
A1 Line-scan image, iIllustrated core description, ichnofossils and IRD counts of Core 
PS92/039-2. In the lowermost part of the core (860 - 615 cm), the dominant lithotypes are 
silty clays intercalated by diamicton layers. An alternation of greyish, dark greyish and 
brownish coloured intervals can be observed. The overlaying sequence from 615 to 90 cm 
consists of clayey to silty clayey sediments with a greyish to brownish colour spectrum. Two 
layers of dark greyish colouration are conspicuous between 310 - 260 cm and 140 - 90 cm. 
The upper 90 cm are composed of brownish sediments. Various bioturbation traces are 
present throughout the entire record, except for short intervals around 730, 580, 510, 365 and 
275 cm. Peak abundance of IRD can be observed in the intervals 650 – 600, 250 – 200 and 
145 – 120 cm, while only minor IRD grains are found in 590 – 310 cm core depth. 
 
 
 
A2 Total nitrogen (TN) versus total organic carbon (TOC) correlation for Core PS92/039-2. 
The C/N ratio was calculated using the TOC and TN contents, thereby neglecting the 
inorganic nitrogen (Nbou) portion (cf., Stein and Macdonald, 2004). As there is an intercept of 
~0.05% TN at 0% TOC, the presence of a significant proportion of inorganic nitrogen is 
likely (cf., Stein and Macdonald, 2004). The large scatter of data points, especially including 
the MIS 6 interval (in blue) that is characterised by generally smaller TN values and 
therefore relatively high Nbou proportions, impedes a Nbou correction. Hence, the C/N values 
of Core PS92/039-2 may be smaller compared to reference values (e.g., Bordowskiy, 1965; 
Scheffer and Schachtschabel, 1984; Hedges et al., 1986), leading to an underestimation of 
the terrigenous proportion of organic matter. However, relative changes of the ratio can still 
be used to estimate the input of terrigenous versus marine organic matter. 
 
 
 
 
 

A3 Peak areas of GDGTs and OH-GDGTs against depth. SSTs (°C) were calculated using 
the RI-OH’ index recommended for polar regions (Lü et al., 2015). The TEX86L index was not 
used in this study as it revealed unrealistic temperatures. 
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A4 Bulk parameter contents of Core PS92/039-2.  
depth age TOC carbonate C/N ratio δ13Corg 
[cm] [ka] [%] [%]   [‰] 
          
0.5 0.09 0.94 13.20 2.01   
15.5 2.71 0.65 11.83 5.32 -22.6 
20.5 3.58 0.65 10.51 5.76 -22.6 
25.5 4.45 0.71 9.27 5.73   
30.5 5.33 0.64 7.50 5.38 -22.7 
35.5 6.20 0.68 7.23 5.99   
40.5 7.07 0.62 7.32 6.35 -22.9 
45.5 7.95 0.54 7.99 4.89   
50.5 8.82 0.49 7.36 4.82   
55.5 9.69 0.48 5.68 5.29 -23.2 
60.5 10.56 0.56 2.84 5.72   
65.5 11.41 0.61 2.32 6.92 -25.1 
70.5 11.99 0.58 3.31 6.01   
75.5 12.56 0.56 2.51 5.92 -23.8 
80.5 13.14 0.49 2.41 6.26   
85.5 13.72 0.57 2.67 7.08 -23.8 
90.5 14.30 0.85 2.37 9.19   
95.5 14.88 0.81 1.58 9.42 -24.3 
101.5 15.57 0.86 6.31 6.70   
105.5 16.00 1.25 3.03 9.79 -25.3 
110.5 16.42 0.82 2.51 8.12 -24.7 
115.5 16.83 0.67 3.27 8.59   
120.5 17.25 0.67 2.26 7.76 -24.3 
125.5 17.66 0.61 2.81 7.70 -24.4 
130.5 19.20 0.67 4.05 9.38 -24.3 
135.5 21.87 0.52 6.98 6.70   
140.5 24.53 0.36 4.47 5.53 -23.8 
145.5 27.19 0.32 4.38 5.09   
150.5 29.66 0.36 3.80 5.46 -23.2 
160.5 31.05 0.34 2.84 4.75   
165.5 31.75 0.34 3.07 4.91 -23.0 
170.5 32.44 0.48 2.91 6.65 -23.2 
175.5 33.14 0.58 6.09 7.15 -23.4 
180.5 33.83 0.40 6.16 5.72 -24.3 
185.5 34.53 0.46 4.26 5.59 -26.2 
190.5 35.22 0.43 3.59 5.72 -23.6 
195.5 35.92 0.49 3.58 6.23 -23.4 
200.5 36.61 0.58 4.48 6.10   
205.5 37.31 0.60 5.57 6.38 -23.5 
210.5 38.01 0.55 5.92 5.90 -23.8 
215.5 38.70 0.50 5.03 6.05   
220.5 39.40 0.45 5.97 5.13 -23.7 
225.5 40.09 0.44 5.19 6.13 -24.3 
230.5 40.56 0.45 2.68 5.68   
235.5 40.87 0.38 2.34 6.41 -24.1 
240.5 41.18 0.44 2.11 5.44   
245.5 41.50 0.49 2.48 7.50 -23.9 
250.5 41.81 0.48 2.65 6.39   
260.5 42.43 0.76 4.32 8.54 -24.3 


depth age TOC carbonate C/N ratio δ13Corg 
[cm] [ka] [%] [%]   [‰] 
          
265.5 42.75 0.83 6.09 8.60   
270.5 43.06 1.11 4.58 9.79 -24.4 
275.5 43.37 1.16 4.60 9.88   
280.5 43.69 1.12 4.63 10.03 -24.5 
295.5 44.62 1.32 4.55 12.15   
300.5 45.79 0.54 4.32 7.52 -24.5 
305.5 47.80 0.39 4.00 5.84 -24.3 
310.5 49.81 0.33 3.82 4.67   
315.5 51.82 0.27 3.89 4.97 -23.5 
320.5 53.84 0.30 3.74 4.41   
325.5 55.85 0.34 3.89 5.33 -23.8 
330.5 57.86 0.34 3.65 5.33 -24.1 
335.5 59.87 0.41 3.63 6.25   
340.5 61.88 0.43 4.40 5.83 -23.7 
345.5 63.90 0.51 4.14 5.23 -23.8 
350.5 65.91 0.60 4.23 6.72 -23.7 
355.5 67.92 0.69 5.86 7.64 -23.9 
360.5 69.93 0.60 8.21 5.67 -23.9 
365.5 71.95 0.55 8.53 5.41 -25.1 
370.5 73.96 0.57 11.06 6.34 -24.0 
375.5 75.97 0.53 11.90 6.17 -23.9 
380.5 77.98 0.60 10.45 6.51 -24.3 
385.5 79.99 0.71 7.50 8.01 -24.7 
390.5 81.55 0.63 6.37 6.45 -23.8 
395.5 82.66 0.55 5.83 6.39 -24.1 
400.5 83.76 0.58 7.35 6.34   
405.5 84.86 0.65 6.39 7.39   
410.5 85.97 0.67 4.01 7.77   
415.5 87.07 0.56 4.45 7.41 -24.5 
420.5 88.17 0.58 3.11 7.31   
425.5 89.28 0.52 3.95 6.39 -24.7 
430.5 90.38 0.47 3.21 6.82   
435.5 91.48 0.59 2.81 7.70 -24.2 
440.5 92.59 0.54 3.54 6.87 -24.1 
445.5 93.69 0.62 3.54 6.87 -23.7 
450.5 94.80 0.60 3.28 5.94   
455.5 95.90 0.65 3.14 6.77 -23.7 
460.5 97.00 0.66 3.63 6.42 -23.9 
465.5 98.11 0.80 2.79 8.56 -23.8 
470.5 99.21 0.64 4.36 7.29   
475.5 100.31 0.64 3.86 6.75   
480.5 101.42 0.66 4.18 6.75 -23.9 
485.5 102.52 0.73 3.35 7.45   
490.5 103.62 0.67 4.40 6.19 -23.7 
495.5 104.73 0.69 6.19 6.72 -23.9 
500.5 105.83 0.61 6.29 6.74   
505.5 106.93 0.52 4.43 6.80 -23.8 
510.5 108.04 0.43 2.80 6.09 -23.7 
515.5 109.14 0.53 3.40 7.32 -23.9 
520.5 110.25 0.57 3.28 6.36 -24.1 
525.5 111.35 0.65 2.99 7.68   
 
depth age TOC carbonate C/N ratio δ13Corg 
[cm] [ka] [%] [%]   [‰] 
          
530.5 112.45 0.54 4.03 6.27   
535.5 113.56 0.49 4.26 5.22 -24.4 
540.5 114.66 0.53 3.80 6.20 -23.9 
545.5 115.76 0.69 2.68 6.91   
550.5 116.87 0.55 3.49 6.24 -23.8 
555.5 117.97 0.57 3.33 6.76 -23.8 
560.5 119.07 0.58 3.99 6.67 -23.9 
565.5 120.18 0.60 4.14 7.22   
570.5 121.28 0.55 5.56 5.70 -23.4 
575.5 122.39 0.57 7.50 5.94 -23.7 
580.5 123.49 0.51 7.90 5.54 -23.7 
585.5 124.59 0.55 2.74 6.67   
590.5 125.70 0.49 2.69 5.84 -24.0 
595.5 126.80 0.46 2.58 5.76   
600.5 127.90 0.41 2.15 6.18 -23.9 
605.5 129.01 0.31 0.59 7.39   
610.5 130.06 0.33 1.39 5.45 -23.4 
615.5 130.65 0.31 1.13 6.51   
620.5 131.25 0.53 2.37 9.10 -23.9 
625.5 131.85 0.66 2.38 11.04   
629.5 132.32 1.13 4.25 15.94 -24.3 
634.5 132.92 0.46 6.66 6.81   
639.5 133.51 0.51 9.39 7.31 -26.9 
644.5 134.11 0.24 1.39 5.64   
650.5 134.82 0.40 1.88 6.02 -23.8 
654.5 135.30 0.36 3.19 6.73   
660.5 136.01 0.32 2.15 7.08 -23.4 
665.5 136.61 0.30 0.93 6.69   
670.5 137.20 0.39 0.89 7.99 -24.0 
675.5 137.80 0.30 1.84 4.79   
680.5 138.39 0.38 1.75 5.32 -23.4 
685.5 138.99 0.78 2.90 8.19   
690.5 139.58 0.59 3.96 7.72 -23.8 
695.5 140.18 0.38 2.04 5.27   
700.5 140.77 0.43 2.33 6.50 -24.1 
705.5 141.37 0.64 2.92 6.87   
710.5 141.96 0.78 2.85 9.62 -24.4 
715.5 142.56 0.67 5.71 7.87   
720.5 143.15 0.48 7.52 7.95 -23.9 
725.5 143.75 0.42 2.74 5.70   
730.5 144.34 0.83 1.37 8.65 -24.1 
735.5 144.94 0.81 3.72 8.06   
740.5 145.53 0.89 3.34 8.70 -23.6 
745.5 146.13 0.63 6.60 6.35   
750.5 146.73 0.66 4.53 6.95 -23.4 
755.5 147.32 0.78 6.40 7.28   
760.5 147.92 0.80 4.01 9.14 -24.1 
765.5 148.51 0.63 4.84 7.35   
770.5 149.11 0.56 3.35 6.89 -22.8 
775.5 
 
149.70 
 
0.63 
 
 
3.68 
 7.27   

depth age TOC carbonate C/N ratio δ13Corg 
[cm] [ka] [%] [%]   [‰] 
          
780.5 150.30 1.06 1.82 13.69 -24.1 
785.5 150.89 0.57 1.71 9.26   
790.5 151.49 0.62 2.54 7.58 -23.8 
795.5 152.08 0.73 3.85 8.10   
800.5 152.68 0.53 3.33 6.88 -23.9 
805.5 153.27 0.48 2.65 6.74   
810.5 153.87 0.60 1.98 10.34 -24.1 
815.5 154.46 0.53 2.22 7.77   
820.5 155.06 0.48 1.06 11.12 -23.6 
825.5 155.65 0.66 1.74 15.07   
830.5 156.25 0.86 2.69 17.67 -24.1 
835.5 156.84 0.88 2.95 13.90   
840.5 157.44 0.55 2.85 6.88 -23.8 
845.5 158.03 0.58 3.71 6.21   
850.5 158.63 0.81 4.41 7.71 -23.8 
855.5 159.22 0.78 5.04 7.85   
860.5 159.85 0.88 4.05 9.01 -23.9 
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A5 Biomarker contents [in µg/g sediment] of Core PS92/039-2.  
depth age IP25   HBI III brassicasterol dinosterol campesterol β-sitosterol 
[cm] [ka] [µg/g Sed] [µg/g Sed] [µg/g Sed] [µg/g Sed] [µg/g Sed] [µg/g Sed] 
    
0.5 0.09 0.0071 0.0050 1.3245 0.0737 0.2577 0.2091 
15.5 2.71 0.0002 0.0729 0.0173 0.0239 0.0901 
20.5 3.58 0.0002 0.0700 0.0158 0.0192 0.0739 
25.5 4.45 0.0003 0.0000 0.0491 0.0080 0.0120 0.0510 
30.5 5.33 0.0002 0.0581 0.0125 0.0214 0.0817 
35.5 6.20 0.0001 0.0555 0.0075 0.0178 0.0627 
40.5 7.07 0.0002 0.0000 0.0421 0.0061 0.0088 0.0468 
45.5 7.95 0.0000 0.0276 0.0015 0.0051 0.0350 
50.5 8.82 0.0000 0.0000 0.0409 0.0082 0.0108 0.0455 
55.5 9.69 0.0000 0.0317 0.0062 0.0105 0.0474 
60.5 10.56 0.0000 0.0459 0.0069 0.0149 0.0601 
65.5 11.41 0.0000 0.0002 0.0206 0.0000 0.0000 0.0237 
70.5 11.99 0.0000 0.0669 0.0072 0.0139 0.0664 
75.5 12.56 0.0000 0.0005 0.0443 0.0104 0.0168 0.0663 
80.5 13.14 0.0002 0.0159 0.0000 0.0022 0.0391 
85.5 13.72 0.0007 0.0639 0.0286 0.0363 0.1128 
90.5 14.30 0.0019 0.0264 0.2473 0.0947 0.1147 0.3744 
95.5 14.88 0.0026 0.0141 0.1507 0.0769 0.0913 0.5085 
101.5 15.57 0.0034 0.0440 0.2716 0.1068 0.2464 1.0091 
105.5 16.00 0.0051 0.0084 0.5351 0.1313 0.2060 0.5681 
110.5 16.42 0.0032 0.0130 0.2548 0.0994 0.1905 0.8706 
115.5 16.83 0.0022 0.0089 0.2801 0.1439 0.2801 1.4907 
120.5 17.25 0.0021 0.0095 0.2266 0.0936 0.2452 1.2877 
125.5 17.66 0.0021 0.0168 0.2101 0.0881 0.1716 0.8715 
130.5 19.20 0.0013 0.0117 0.1576 0.0000 0.0695 0.5375 
135.5 21.87 0.0008 0.0016 0.1167 0.0432 0.0494 0.2293 
140.5 24.53 0.0004 0.0012 0.1269 0.0119 0.0213 0.1003 
145.5 27.19 0.0000 0.0000 0.0039 0.0000 0.0000 0.0103 
150.5 29.66 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
160.5 31.05 0.0002 0.0000 0.0132 0.0000 0.0000 0.0228 
165.5 31.75 0.0007 0.0000 0.0337 0.0057 0.0089 0.0510 
170.5 32.44 0.0002 0.0000 0.0190 0.0000 0.0000 0.0283 
175.5 33.14 0.0024 0.0015 0.1541 0.0674 0.0602 0.1655 
180.5 33.83 0.0000 0.0000 0.0336 0.0122 0.0111 0.0529 
185.5 34.53 0.0004 0.0000 0.0237 0.0083 0.0058 0.0387 
190.5 35.22 0.0006 0.0000 0.0430 0.0106 0.0129 0.0468 
195.5 35.92 0.0008 0.0006 0.0447 0.0000 0.0000 0.0377 
200.5 36.61 0.0021 0.0029 0.1936 0.0411 0.0550 0.1575 
205.5 37.31 0.0027 0.0029 0.2123 0.0440 0.0608 0.1975 
210.5 38.01 0.0022 0.0016 0.1478 0.0304 0.0388 0.1549 
215.5 38.70 0.0002 0.0352 0.0091 0.0122 0.0589 
220.5 39.40 0.0006 0.0000 0.0271 0.0058 0.0084 0.0447 
225.5 40.09 0.0002 0.0000 0.0194 0.0073 0.0080 0.0360 
230.5 40.56 0.0002 0.0000 0.0200 0.0052 0.0065 0.0310 
235.5 40.87 0.0000 0.0000 0.0135 0.0004 0.0000 0.0200 
240.5 41.18 0.0002 0.0000 0.0144 0.0000 0.0027 0.0368 
245.5 41.50 0.0001 0.0212 0.0007 0.0053 0.0444 
250.5 41.81 0.0003 0.0000 0.0200 0.0000 0.0000 0.0263 
255.5 42.12 0.0006 0.0006 0.0403 0.0012 0.0011 0.0417 
260.5 42.43 0.0013 0.0049 0.2834 0.0943 0.0898 0.2258 
265.5 42.75 0.0023 0.0187 0.3748 0.0901 0.1004 0.2571 
270.5 43.06 0.0035 0.6710 0.1577 0.2016 0.4619 
275.5 43.37 0.0023 0.0265 0.7149 0.1448 0.2322 0.5079 
280.5 43.69 0.0025 0.7185 0.1564 0.3772 0.4845 
295.5 44.62 0.0036 0.0451 0.4699 0.1419 0.2136 0.5447 
300.5 45.79 0.0006 0.1629 0.0343 0.0630 0.1448 
305.5 47.80 0.0004 0.0000 0.0485 0.0053 0.0129 0.0409 
310.5 49.81 0.0002 0.0000 0.0205 0.0000 0.0000 0.0225 
315.5 51.82 0.0000 0.0000 0.0220 0.0000 0.0007 0.0210 

depth age IP25   HBI III brassicasterol dinosterol campesterol β-sitosterol 
[cm] [ka] [µg/g Sed] [µg/g Sed] [µg/g Sed] [µg/g Sed] [µg/g Sed] [µg/g Sed] 
    
320.5 53.84 0.0000 0.0000 0.0327 0.0000 0.0013 0.0255 
325.5 55.85 0.0000 0.0308 0.0033 0.0095 0.0420 
330.5 57.86 0.0000 0.0000 0.0265 0.0006 0.0106 0.0447 
335.5 59.87 0.0000 0.0000 0.0000 0.0000 0.0000 0.0860 
340.5 61.88 0.0004 0.0000 0.0545 0.0074 0.0118 0.0473 
345.5 63.90 0.0005 0.0000 0.1452 0.0182 0.0203 0.0882 
350.5 65.91 0.0004 0.0010 0.1689 0.0296 0.0346 0.1203 
355.5 67.92 0.0026 0.0126 0.3796 0.0501 0.0886 0.2636 
365.5 71.95 0.0024 0.0111 0.2692 0.0691 0.0896 0.3286 
370.5 73.96 0.0018 0.0071 0.1236 0.0271 0.0403 0.1414 
375.5 75.97 0.0002 0.0004 0.0390 0.0113 0.0141 0.0582 
380.5 77.98 0.0002 0.0310 0.0082 0.0173 0.0672 
385.5 79.99 0.0000 0.0000 0.0107 0.0000 0.0000 0.0222 
390.5 81.55 0.0000 0.0000 0.0346 0.0101 0.0150 0.0612 
395.5 82.66 0.0000 0.0000 0.0294 0.0043 0.0135 0.0579 
400.5 83.76 0.0000 0.0005 0.0387 0.0106 0.0155 0.0716 
405.5 84.86 0.0000 0.0004 0.0547 0.0169 0.0192 0.0790 
410.5 85.97 0.0001 0.0008 0.0510 0.0162 0.0165 0.0647 
415.5 87.07 0.0002 0.0000 0.0354 0.0098 0.0059 0.0532 
420.5 88.17 0.0002 0.0000 0.0000 0.0000 0.0000 0.0000 
425.5 89.28 0.0001 0.0000 0.0213 0.0010 0.0069 0.0277 
430.5 90.38 0.0002 0.0000 0.0238 0.0004 0.0065 0.0258 
435.5 91.48 0.0002 0.0008 0.0800 0.0075 0.0169 0.0754 
440.5 92.59 0.0004 0.0003 0.1090 0.0211 0.0393 0.1052 
445.5 93.69 0.0008 0.0000 0.0622 0.0146 0.0310 0.0914 
450.5 94.80 0.0006 0.0000 0.0495 0.0146 0.0222 0.0740 
455.5 95.90 0.0003   
460.5 97.00 0.0006 0.0006 0.0518 0.0138 0.0295 0.0748 
465.5 98.11 0.0003 0.0002 0.0191 0.0000 0.0000 0.0308 
470.5 99.21 0.0001 0.0003 0.0397 0.0080 0.0217 0.0599 
475.5 100.31 0.0000 0.0334 0.0083 0.0188 0.0578 
480.5 101.42 0.0001 0.0002 0.0457 0.0087 0.0245 0.0804 
485.5 102.52 0.0000 0.0000 0.0042 0.0000 0.0000 0.0240 
490.5 103.62 0.0002 0.0003 0.0385 0.0082 0.0194 0.0604 
495.5 104.73 0.0002 0.0003 0.0416 0.0116 0.0205 0.0611 
500.5 105.83 0.0000 0.0004 0.0361 0.0134 0.0177 0.0537 
505.5 106.93 0.0001 0.0252 0.0077 0.0101 0.0386 
510.5 108.04 0.0000 0.0000 0.0235 0.0059 0.0055 0.0293 
515.5 109.14 0.0000 0.0000 0.0734 0.0178 0.0166 0.0653 
520.5 110.25 0.0000 0.0000 0.0743 0.0204 0.0130 0.0622 
525.5 111.35 0.0008 0.0013 0.1438 0.0157 0.0221 0.1127 
530.5 112.45 0.0014 0.0025 0.2513 0.0554 0.0761 0.2156 
535.5 113.56 0.0001 0.0002 0.0469 0.0125 0.0164 0.0503 
540.5 114.66 0.0002 0.0000 0.0262 0.0041 0.0067 0.0394 
545.5 115.76 0.0000 0.0000 0.0000 0.0000 0.0000 0.0035 
550.5 116.87 0.0000 0.0000 0.0208 0.0036 0.0058 0.0370 
555.5 117.97 0.0000 0.0000 0.0245 0.0069 0.0106 0.0482 
560.5 119.07 0.0000 0.0002 0.0427 0.0099 0.0177 0.0777 
565.5 120.18 0.0001 0.0002 0.0361 0.0117 0.0174 0.0721 
570.5 121.28 0.0001 0.0000 0.0248 0.0096 0.0097 0.0515 
580.5 123.49 0.0000 0.0001 0.0230 0.0089 0.0086 0.0348 
585.5 124.59 0.0000 0.0000 0.0035 0.0000 0.0000 0.0123 
590.5 125.70 0.0000 0.0000 0.0198 0.0030 0.0045 0.0302 
595.5 126.80 0.0000 0.0000 0.0025 0.0000 0.0000 0.0214 
600.5 127.90 0.0000 0.0000 0.0139 0.0008 0.0028 0.0218 
605.5 129.01 0.0000 0.0000 0.0000 0.0000 0.0000 0.0131 
610.5 130.06 0.0000 0.0000 0.0151 0.0064 0.0065 0.0370 
620.5 131.25 0.0003 0.0000 0.0802 0.0128 0.0258 0.0914 
625.5 131.85 0.0000 0.0000 0.0000 0.0000 0.0000 0.0120 
629.5 132.32 0.0000 0.0000 0.0041 0.0000 0.0000 0.0433 
 
depth age IP25   HBI III brassicasterol dinosterol campesterol β-sitosterol 
[cm] [ka] [µg/g Sed] [µg/g Sed] [µg/g Sed] [µg/g Sed] [µg/g Sed] [µg/g Sed] 
    
634.5 132.92 0.0003 0.0000 0.0715 0.0369 0.0236 0.0928 
639.5 133.51 0.0007 0.0010 0.2095 0.0899 0.0582 0.1757 
644.5 134.11 0.0000 0.0000 0.0008 0.0000 0.0002 0.0308 
650.5 134.82 0.0000 0.0000 0.0201 0.0079 0.0038 0.0252 
654.5 135.30 0.0000 0.0000 0.0103 0.0033 0.0000 0.0212 
660.5 136.01 0.0000 0.0000 0.0000 0.0000 0.0003 0.0133 
665.5 136.61 0.0000 0.0000 0.0000 0.0000 0.0000 0.0038 
670.5 137.20 0.0000 0.0000 0.0010 0.0000 0.0000 0.0147 
675.5 137.80 0.0000 0.0000 0.0226 0.0026 0.0037 0.0213 
680.5 138.39 0.0000 0.0000 0.0744 0.0131 0.0187 0.0537 
685.5 138.99 0.0009 0.0024 0.6066 0.1355 0.1344 0.2493 
690.5 139.58 0.0003 0.0012 0.1589 0.0345 0.0454 0.1487 
695.5 140.18 0.0000 0.0000 0.0294 0.0146 0.0078 0.0354 
700.5 140.77 0.0000 0.0585 0.0159 0.0116 0.0435 
705.5 141.37 0.0013 0.0012 0.2670 0.0798 0.0625 0.1638 
710.5 141.96 0.0008 0.0017 0.2090 0.0027 0.0165 0.1015 
715.5 142.56 0.0004 0.0011 0.3179 0.0842 0.0000 0.2034 
720.5 143.15 0.0000 0.0021 0.1152 0.0431 0.0000 0.0982 
725.5 143.75 0.0001 0.0000 0.0188 0.0086 0.0031 0.0225 
730.5 144.34 0.0005 0.0000 0.0500 0.0000 0.0103 0.0820 
735.5 144.94 0.0025 0.0051 0.3611 0.0959 0.1001 0.3234 
740.5 145.53 0.0015 0.0030 0.4088 0.1506 0.1175 0.3483 
745.5 146.13 0.0024 0.0027 0.2525 0.0712 0.0900 0.3759 
755.5 147.32 0.0019 0.0118 0.2866 0.0856 0.0000 0.2230 
760.5 147.92 0.0011 0.0049 0.5379 0.1446 0.2286 0.3147 
765.5 148.51 0.0007 0.0007 0.4254 0.1244 0.1495 0.3298 
770.5 149.11 0.0000 0.0000 0.2015 0.0749 0.0589 0.1553 
775.5 149.70 0.0004 0.0003 0.1328 0.0886 0.0619 0.1422 
780.5 150.30 0.0011 0.0063 0.1375 0.0869 0.0583 0.1610 
785.5 150.89 0.0001 0.0000 0.1901 0.0509 0.0458 0.1793 
790.5 151.49 0.0004 0.0000 0.0194 0.0128 0.0109 0.0618 
795.5 152.08 0.0022 0.0000 0.0390 0.0288 0.0000 0.0556 
800.5 152.68 0.0003 0.0006 0.1569 0.0927 0.0632 0.1999 
805.5 153.27 0.0000 0.0000 0.0744 0.0526 0.0289 0.0966 
810.5 153.87 0.0000 0.0000 0.0567 0.0274 0.0189 0.0706 
815.5 154.46 0.0001 0.0000 0.0391 0.0252 0.0148 0.0769 
820.5 155.06 0.0000 0.0000 0.0522 0.0363 0.0243 0.0841 
825.5 155.65 0.0001 0.0000 0.0010 0.0000 0.0051 0.0715 
830.5 156.25 0.0003 0.0000 0.0060 0.0035 0.0000 0.0937 
835.5 156.84 0.0003 0.0000 0.0142 0.0145 0.0212 0.1745 
840.5 157.44 0.0003 0.0000 0.0124 0.0137 0.0227 0.1915 
845.5 158.03 0.0012 0.0007 0.1225 0.0388 0.0317 0.1273 
850.5 158.63 0.0030 0.0120 0.3561 0.1041 0.0845 0.2828 
855.5 159.22 0.0017 0.0036 0.5167 0.1478 0.1886 0.4955 
860.5 159.85 0.0014 0.0031 0.5919 0.1448 0.1804 0.5393 
 
 
 
 
 
 
 

A6 Biomarker contents [in µg/g OC] of Core PS92/039-2.  
depth age IP25   HBI III brassicasterol dinosterol campesterol β-sitosterol 
[cm] [ka] [µg/g OC] [µg/g OC] [µg/g OC] [µg/g OC] [µg/g OC] [µg/g OC] 
    
0.5 0.09 0.7496 0.5343 140.6174 7.8219 27.3558 22.1959 
15.5 2.71 0.0363 11.1782 2.6541 3.6631 13.8124 
20.5 3.58 0.0248 10.7287 2.4289 2.9443 11.3278 
25.5 4.45 0.0367 0.0000 6.8863 1.1204 1.6823 7.1517 
30.5 5.33 0.0254 9.0673 1.9455 3.3308 12.7397 
35.5 6.20 0.0159 8.1147 1.0990 2.6014 9.1644 
40.5 7.07 0.0251 0.0000 6.7582 0.9819 1.4064 7.5144 
45.5 7.95 0.0000 5.1247 0.2874 0.9398 6.5057 
50.5 8.82 0.0000 0.0000 8.2946 1.6721 2.1972 9.2182 
55.5 9.69 0.0000 6.6102 1.2960 2.1833 9.8778 
60.5 10.56 0.0000 8.2084 1.2321 2.6596 10.7375 
65.5 11.41 0.0000 0.0391 3.3795 0.0000 0.0000 3.9026 
70.5 11.99 0.0000 11.5860 1.2388 2.4133 11.5009 
75.5 12.56 0.0000 0.0885 7.9234 1.8624 3.0054 11.8408 
80.5 13.14 0.0430 3.2568 0.0000 0.4573 7.9768 
85.5 13.72 0.1234 11.2228 5.0241 6.3730 19.8057 
90.5 14.30 0.2256 3.0981 29.0715 11.1318 13.4845 44.0070 
95.5 14.88 0.3165 1.7260 18.5045 9.4510 11.2094 62.4570 
101.5 15.57 0.3992 5.1446 31.7352 12.4799 28.7908 117.8894 
105.5 16.00 0.4067 0.6716 42.8000 10.4986 16.4748 45.4432 
110.5 16.42 0.3876 1.5772 30.9288 12.0652 23.1262 105.7007 
115.5 16.83 0.3249 1.3335 42.1098 21.6413 42.1126 224.1140 
120.5 17.25 0.3110 1.4044 33.6429 13.9009 36.4132 191.2145 
125.5 17.66 0.3430 2.7640 34.5371 14.4828 28.2131 143.2713 
130.5 19.20 0.1998 1.7338 23.4375 0.0000 10.3285 79.9145 
135.5 21.87 0.1458 0.3172 22.4529 8.3165 9.4991 44.1288 
140.5 24.53 0.1097 0.3249 35.0319 3.2949 5.8851 27.7087 
145.5 27.19 0.0000 0.0000 1.2183 0.0000 0.0000 3.2550 
150.5 29.66 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
160.5 31.05 0.0634 0.0000 3.9218 0.0000 0.0000 6.7758 
165.5 31.75 0.2088 0.0000 9.8448 1.6801 2.6107 14.9192 
170.5 32.44 0.0327 0.0000 3.9756 0.0000 0.0000 5.9105 
175.5 33.14 0.4140 0.2664 26.5761 11.6268 10.3743 28.5469 
180.5 33.83 0.0000 0.0000 8.4167 3.0607 2.7750 13.2299 
185.5 34.53 0.0955 0.0000 5.1768 1.8126 1.2736 8.4481 
190.5 35.22 0.1328 0.0000 10.0972 2.5014 3.0424 10.9897 
195.5 35.92 0.1645 0.1138 9.1593 0.0000 0.0000 7.7108 
200.5 36.61 0.3625 0.4952 33.1065 7.0283 9.3986 26.9334 
205.5 37.31 0.4609 0.4796 35.6259 7.3838 10.2070 33.1392 
210.5 38.01 0.3955 0.2891 26.8355 5.5269 7.0512 28.1313 
215.5 38.70 0.0464 6.9766 1.8106 2.4261 11.6745 
220.5 39.40 0.1334 0.0000 5.9899 1.2767 1.8591 9.8743 
225.5 40.09 0.0362 0.0000 4.4390 1.6677 1.8269 8.2434 
230.5 40.56 0.0423 0.0000 4.4287 1.1609 1.4373 6.8687 
235.5 40.87 0.0000 0.0000 3.5080 0.0947 0.0000 5.1887 
240.5 41.18 0.0427 0.0000 3.2580 0.0000 0.6130 8.3554 
245.5 41.50 0.0111 4.3314 0.1421 1.0792 9.0818 
250.5 41.81 0.0556 0.0000 5.8845 0.0000 0.0000 7.7268 
255.5 42.12 0.1039 0.0977 6.4934 0.1896 0.1770 6.7219 
260.5 42.43 0.1696 0.6479 37.5061 12.4751 11.8778 29.8742 
265.5 42.75 0.2801 2.2483 45.1222 10.8528 12.0868 30.9553 
270.5 43.06 0.3104 60.3374 14.1794 18.1281 41.5363 
275.5 43.37 0.1989 2.2874 61.6894 12.4920 20.0385 43.8287 
280.5 43.69 0.2232 64.2399 13.9820 33.7225 43.3166 
 
depth age IP25   HBI III brassicasterol dinosterol campesterol β-sitosterol 
[cm] [ka] [µg/g OC] [µg/g OC] [µg/g OC] [µg/g OC] [µg/g OC] [µg/g OC] 
    
295.5 44.62 0.2726 3.4219 40.1700 12.1295 18.2582 46.5578 
300.5 45.79 0.1045 30.2679 6.3732 11.6983 26.8995 
305.5 47.80 0.0921 0.0000 12.2849 1.3398 3.2693 10.3582 
310.5 49.81 0.0711 0.0000 6.2217 0.0000 0.0000 6.8400 
315.5 51.82 0.0000 0.0000 8.2214 0.0000 0.2710 7.8208 
320.5 53.84 0.0000 0.0000 10.9613 0.0000 0.4450 8.5472 
325.5 55.85 0.0064 9.1065 0.9621 2.7910 12.3898 
330.5 57.86 0.0000 0.0000 7.8631 0.1825 3.1357 13.2471 
335.5 59.87 0.0000 0.0000 0.0000 0.0000 0.0000 20.7517 
340.5 61.88 0.0835 0.0000 12.5323 1.7015 2.7259 10.8732 
345.5 63.90 0.0957 0.0000 28.5651 3.5829 3.9929 17.3498 
350.5 65.91 0.0626 0.1685 28.3648 4.9800 5.8082 20.2014 
355.5 67.92 0.3711 1.8165 54.6433 7.2096 12.7537 37.9440 
365.5 71.95 0.4274 1.9977 48.5945 12.4661 16.1824 59.3123 
370.5 73.96 0.3096 1.2430 21.5007 4.7148 7.0032 24.5924 
375.5 75.97 0.0350 0.0810 7.3973 2.1494 2.6799 11.0499 
380.5 77.98 0.0267 5.1325 1.3666 2.8663 11.1410 
385.5 79.99 0.0000 0.0000 1.5032 0.0000 0.0000 3.1135 
390.5 81.55 0.0000 0.0000 5.5399 1.6091 2.4018 9.7923 
395.5 82.66 0.0000 0.0000 5.3243 0.7746 2.4403 10.4919 
400.5 83.76 0.0000 0.0939 6.6393 1.8161 2.6661 12.2893 
405.5 84.86 0.0000 0.0677 8.3773 2.5935 2.9434 12.0911 
410.5 85.97 0.0215 0.1213 7.5755 2.4043 2.4542 9.6034 
415.5 87.07 0.0289 0.0000 6.3683 1.7641 1.0610 9.5752 
420.5 88.17 0.0320 0.0000 0.0000 0.0000 0.0000 0.0000 
425.5 89.28 0.0131 0.0000 4.1341 0.1935 1.3329 5.3690 
430.5 90.38 0.0508 0.0000 5.0990 0.0954 1.3911 5.5181 
435.5 91.48 0.0372 0.1488 13.5591 1.2700 2.8662 12.7750 
440.5 92.59 0.0799 0.0421 20.3578 3.9358 7.3455 19.6574 
445.5 93.69 0.1214 0.0000 10.0412 2.3594 5.0075 14.7540 
450.5 94.80 0.0997 0.0000 8.2223 2.4298 3.6815 12.2898 
455.5 95.90 0.0445   
460.5 97.00 0.0882 0.0934 7.8422 2.0893 4.4651 11.3089 
465.5 98.11 0.0409 0.0247 2.3800 0.0000 0.0000 3.8443 
470.5 99.21 0.0184 0.0502 6.2073 1.2477 3.3991 9.3600 
475.5 100.31 0.0000 5.2502 1.3006 2.9514 9.0776 
480.5 101.42 0.0213 0.0301 6.9361 1.3230 3.7267 12.2049 
485.5 102.52 0.0000 0.0000 0.5728 0.0000 0.0000 3.2923 
490.5 103.62 0.0276 0.0520 5.7517 1.2195 2.9007 9.0151 
495.5 104.73 0.0235 0.0497 6.0318 1.6805 2.9720 8.8615 
500.5 105.83 0.0000 0.0652 5.8846 2.1811 2.8821 8.7666 
505.5 106.93 0.0248 4.8657 1.4885 1.9375 7.4412 
510.5 108.04 0.0000 0.0000 5.4081 1.3641 1.2590 6.7362 
515.5 109.14 0.0000 0.0000 13.7926 3.3462 3.1198 12.2658 
520.5 110.25 0.0000 0.0000 13.0986 3.5989 2.2850 10.9723 
525.5 111.35 0.1307 0.1945 22.2761 2.4391 3.4227 17.4620 
530.5 112.45 0.2648 0.4717 46.5037 10.2553 14.0891 39.9021 
535.5 113.56 0.0236 0.0459 9.5406 2.5351 3.3431 10.2196 
540.5 114.66 0.0451 0.0000 4.9486 0.7818 1.2701 7.4351 
545.5 115.76 0.0000 0.0000 0.0000 0.0000 0.0000 0.5016 
550.5 116.87 0.0000 0.0000 3.7907 0.6535 1.0459 6.7218 
555.5 117.97 0.0000 0.0000 4.3253 1.2233 1.8748 8.5043 
560.5 119.07 0.0000 0.0299 7.2950 1.6980 3.0223 13.2830 
565.5 120.18 0.0138 0.0338 6.0318 1.9467 2.9075 12.0342 
570.5 121.28 0.0098 0.0000 4.4680 1.7261 1.7526 9.2868 

depth age IP25   HBI III brassicasterol dinosterol campesterol β-sitosterol 
[cm] [ka] [µg/g OC] [µg/g OC] [µg/g OC] [µg/g OC] [µg/g OC] [µg/g OC] 
    
580.5 123.49 0.0000 0.0199 4.5383 1.7582 1.6975 6.8741 
585.5 124.59 0.0000 0.0000 0.6303 0.0000 0.0000 2.2491 
590.5 125.70 0.0000 0.0000 4.0376 0.6088 0.9172 6.1754 
595.5 126.80 0.0000 0.0000 0.5397 0.0000 0.0000 4.6321 
600.5 127.90 0.0000 0.0000 3.3965 0.1836 0.6924 5.3192 
605.5 129.01 0.0000 0.0000 0.0000 0.0000 0.0000 4.2549 
610.5 130.06 0.0000 0.0000 4.5774 1.9407 1.9552 11.2015 
620.5 131.25 0.0604 0.0000 15.2106 2.4236 4.9004 17.3324 
625.5 131.85 0.0000 0.0000 0.0000 0.0000 0.0000 1.8057 
629.5 132.32 0.0000 0.0000 0.3615 0.0000 0.0000 3.8330 
634.5 132.92 0.0630 0.0000 15.6537 8.0702 5.1718 20.3101 
639.5 133.51 0.1442 0.1895 41.3192 17.7213 11.4784 34.6499 
644.5 134.11 0.0000 0.0000 0.3411 0.0000 0.0859 12.7008 
650.5 134.82 0.0000 0.0000 5.0689 1.9929 0.9522 6.3698 
654.5 135.30 0.0000 0.0000 2.8793 0.9081 0.0000 5.9094 
660.5 136.01 0.0000 0.0000 0.0000 0.0000 0.0855 4.2070 
665.5 136.61 0.0000 0.0000 0.0000 0.0000 0.0000 1.2589 
670.5 137.20 0.0000 0.0000 0.2562 0.0000 0.0000 3.7342 
675.5 137.80 0.0000 0.0000 7.4837 0.8652 1.2223 7.0660 
680.5 138.39 0.0000 0.0000 19.4377 3.4213 4.8852 14.0383 
685.5 138.99 0.1105 0.3050 78.1517 17.4589 17.3134 32.1136 
690.5 139.58 0.0507 0.2076 26.8882 5.8281 7.6782 25.1524 
695.5 140.18 0.0000 0.0000 7.8226 3.8753 2.0724 9.4195 
700.5 140.77 0.0000 13.6522 3.7086 2.7077 10.1490 
705.5 141.37 0.2058 0.1928 41.4106 12.3821 9.6944 25.4058 
710.5 141.96 0.0975 0.2206 26.8156 0.3497 2.1147 13.0200 
715.5 142.56 0.0612 0.1591 47.5546 12.6026 0.0000 30.4317 
720.5 143.15 0.0000 0.4419 24.2143 9.0572 0.0000 20.6476 
725.5 143.75 0.0222 0.0000 4.5261 2.0632 0.7374 5.3938 
730.5 144.34 0.0545 0.0000 6.0554 0.0000 1.2501 9.9246 
735.5 144.94 0.3046 0.6299 44.8521 11.9075 12.4280 40.1691 
740.5 145.53 0.1638 0.3426 46.0536 16.9644 13.2426 39.2390 
745.5 146.13 0.3739 0.4308 39.7736 11.2166 14.1764 59.2104 
755.5 147.32 0.2436 1.5117 43.6809 13.0482 0.0000 33.9895 
760.5 147.92 0.1420 0.6102 69.0327 18.5555 29.3391 40.3899 
765.5 148.51 0.1039 0.1128 53.4359 15.6315 18.7742 41.4350 
770.5 149.11 0.0000 0.0000 31.8032 11.8298 9.2945 24.5208 
775.5 149.70 0.0620 0.0486 23.7301 15.8318 11.0617 25.4172 
780.5 150.30 0.1068 0.5987 21.9060 13.8439 9.2846 25.6539 
785.5 150.89 0.0208 0.0000 17.9970 4.8210 4.3397 16.9739 
790.5 151.49 0.0602 0.0000 3.3960 2.2436 1.9117 10.8017 
795.5 152.08 0.3017 0.0000 6.3287 4.6726 0.0000 9.0295 
800.5 152.68 0.0528 0.1046 21.5002 12.7098 8.6574 27.3995 
805.5 153.27 0.0000 0.0000 14.1287 9.9925 5.4971 18.3408 
810.5 153.87 0.0000 0.0000 11.7103 5.6521 3.8990 14.5886 
815.5 154.46 0.0212 0.0000 6.5602 4.2236 2.4830 12.9044 
820.5 155.06 0.0000 0.0000 9.7600 6.7854 4.5420 15.7241 
825.5 155.65 0.0213 0.0000 0.2068 0.0000 1.0564 14.9100 
830.5 156.25 0.0311 0.0000 0.9038 0.5223 0.0000 14.1738 
835.5 156.84 0.0315 0.0000 1.6389 1.6819 2.4529 20.1916 
840.5 157.44 0.0575 0.0000 1.4042 1.5598 2.5730 21.7333 
845.5 158.03 0.2016 0.1195 22.0998 6.9976 5.7156 22.9801 
850.5 158.63 0.3697 1.4898 61.5792 17.9995 14.6163 48.9068 
855.5 159.22 0.2218 0.4581 66.1045 18.9086 24.1208 63.3869 
860.5 159.85 0.1547 0.3516 66.9835 16.3905 20.4186 61.0261 
 	
A7 Values of the PBIP25 and PIIIIP25 indices of Core PS92/039-2.  
depth age PBIP25 PIIIIP25 depth age PBIP25 PIIIIP25 
[cm] [ka]     [cm] [ka]     
        
0.5 0.09 0.5 0.8 320.5 53.84 1.0 1.0 
15.5 2.71 0.4   325.5 55.85 1.0   
20.5 3.58 0.3   330.5 57.86 1.0 1.0 
25.5 4.45 1.0 1.0 335.5 59.87 1.0 1.0 
30.5 5.33 0.3   340.5 61.88 0.5 1.0 
35.5 6.20 0.3   345.5 63.90 0.4 1.0 
40.5 7.07 1.0 1.0 350.5 65.91 0.3 0.6 
45.5 7.95 1.0   355.5 67.92 0.6 0.4 
50.5 8.82 1.0 1.0 365.5 71.95 0.6 0.5 
55.5 9.69 1.0 1.0 370.5 73.96 0.7 0.5 
60.5 10.56 1.0   375.5 75.97 1.0 1.0 
65.5 11.41 1.0 1.0 380.5 77.98 1.0   
70.5 11.99 1.0   385.5 79.99 1.0 1.0 
75.5 12.56 1.0 1.0 390.5 81.55 1.0 1.0 
80.5 13.14 1.0 1.0 395.5 82.66 1.0 1.0 
85.5 13.72 0.4 1.0 400.5 83.76 1.0 1.0 
90.5 14.30 0.6 0.2 405.5 84.86 1.0 1.0 
95.5 14.88 0.8 0.4 410.5 85.97 1.0 1.0 
101.5 15.57 0.7 0.2 415.5 87.07 1.0 1.0 
105.5 16.00 0.6 0.7 420.5 88.17 1.0 1.0 
110.5 16.42 0.7 0.5 425.5 89.28 1.0 1.0 
115.5 16.83 0.6 0.5 430.5 90.38 0.6 1.0 
120.5 17.25 0.6 0.5 435.5 91.48 0.3 0.7 
125.5 17.66 0.6 0.3 440.5 92.59 0.4 0.9 
130.5 19.20 0.6 0.3 445.5 93.69 0.7 1.0 
135.5 21.87 0.5 0.6 450.5 94.80 0.7 1.0 
140.5 24.53 0.4 0.6 455.5 95.90   
145.5 27.19 1.0 1.0 460.5 97.00 0.7 0.8 
150.5 29.66 1.0 1.0 465.5 98.11 1.0 1.0 
160.5 31.05 0.7 1.0 470.5 99.21 1.0 1.0 
165.5 31.75 0.8 1.0 475.5 100.31 1.0   
170.5 32.44 1.0 1.0 480.5 101.42 1.0 1.0 
175.5 33.14 0.7 0.9 485.5 102.52 1.0 1.0 
180.5 33.83 1.0 1.0 490.5 103.62 1.0 1.0 
185.5 34.53 0.8 1.0 495.5 104.73 1.0 1.0 
190.5 35.22 0.7 1.0 500.5 105.83 1.0 1.0 
195.5 35.92 0.8 0.8 505.5 106.93 1.0   
200.5 36.61 0.7 0.7 510.5 108.04 1.0 1.0 
205.5 37.31 0.7 0.8 515.5 109.14 0.0 1.0 
210.5 38.01 0.7 0.8 520.5 110.25 0.0 1.0 
215.5 38.70 1.0   525.5 111.35 0.5 0.7 
220.5 39.40 0.8 1.0 530.5 112.45 0.5 0.7 
225.5 40.09 1.0 1.0 535.5 113.56 0.3 1.0 
230.5 40.56 1.0 1.0 540.5 114.66 1.0 1.0 
235.5 40.87 1.0 1.0 545.5 115.76 1.0 1.0 
240.5 41.18 1.0 1.0 550.5 116.87 1.0 1.0 
245.5 41.50 1.0   555.5 117.97 1.0 1.0 
250.5 41.81 0.6 1.0 560.5 119.07 1.0 1.0 
255.5 42.12 0.7 0.8 565.5 120.18 1.0 1.0 
260.5 42.43 0.5 0.5 570.5 121.28 1.0 1.0 
265.5 42.75 0.5 0.3 580.5 123.49 1.0 1.0 
270.5 43.06 0.5   585.5 124.59 1.0 1.0 
275.5 43.37 0.4 0.3 590.5 125.70 1.0 1.0 
280.5 43.69 0.4   595.5 126.80 1.0 1.0 
295.5 44.62 0.6 0.2 600.5 127.90 1.0 1.0 
300.5 45.79 0.4   605.5 129.01 1.0 1.0 
305.5 47.80 0.6 1.0 610.5 130.06 1.0 1.0 
310.5 49.81 0.7 1.0 620.5 131.25 0.4 1.0 
315.5 51.82 1.0 1.0 625.5 131.85 1.0 1.0 


depth age PBIP25 PIIIIP25 
[cm] [ka]     
    
629.5 132.32 1.0 1.0 
634.5 132.92 0.4 1.0 
639.5 133.51 0.4 0.7 
644.5 134.11 1.0 1.0 
650.5 134.82 1.0 1.0 
654.5 135.30 1.0 1.0 
660.5 136.01 1.0 1.0 
665.5 136.61 1.0 1.0 
670.5 137.20 1.0 1.0 
675.5 137.80 1.0 1.0 
680.5 138.39 0.0 1.0 
685.5 138.99 0.2 0.6 
690.5 139.58 0.3 0.5 
695.5 140.18 1.0 1.0 
700.5 140.77 0.0 1.0 
705.5 141.37 0.5 0.8 
710.5 141.96 0.4 0.6 
715.5 142.56 0.2 0.6 
720.5 143.15 0.0 1.0 
725.5 143.75 1.0 1.0 
730.5 144.34 0.6 1.0 
735.5 144.94 0.6 0.6 
740.5 145.53 0.4 0.6 
745.5 146.13 0.6 0.8 
755.5 147.32 0.4 0.4 
760.5 147.92 0.3 0.5 
765.5 148.51 0.4 0.8 
770.5 149.11 0.0 1.0 
775.5 149.70 0.3 0.8 
780.5 150.30 0.5 0.4 
785.5 150.89 1.0 1.0 
790.5 151.49 0.6 1.0 
795.5 152.08 0.7 1.0 
800.5 152.68 0.4 0.7 
805.5 153.27 0.0 1.0 
810.5 153.87 1.0 1.0 
815.5 154.46 0.3 1.0 
820.5 155.06 1.0 1.0 
825.5 155.65 1.0 1.0 
830.5 156.25 1.0 1.0 
835.5 156.84 1.0 1.0 
840.5 157.44 0.3 1.0 
845.5 158.03 0.4 0.9 
850.5 158.63   
855.5 159.22 0.4 0.7 
860.5 159.85 0.3 0.6 
 
 
 
 
 
 
 
A8 Relative abundances of the OH-GDGTs, the RI-OH’ index and related SSTs for Core 
PS92/039-2.  
depth age OH-GDGT-0 OH-GDGT-1 OH-GDGT-2 RI-OH' SST 
[cm] [ka] [peak area] [peak area] [peak area]   [°C] 
    
23 1090 74 8   
24 1198 126 24 0.08 -0.6 
25 4.73 973 99 17 0.13 0.8 
65 11.83 187 6 0.12 0.6 
105 15.66 11208 239 60 0.03 -1.8 
120 17.12 5647 325 101 0.03 -1.8 
145 28.29 122 15 3 0.09 -0.3 
165 33.59 478 17 0.15 1.3 
190 37.07 123 21 0.03 -1.7 
205 39.16 13365 965 86 0.15 1.2 
230 42.46 631 10 0.08 -0.6 
245 43.39 1059 0.02 -2.2 
255 44.02 30823 2158 453 0.00 -2.6 
265 44.64 7531 461 78 0.09 -0.2 
275 45.26 19210 787 69 0.08 -0.6 
300 47.46 1848 103 0.05 -1.4 
330 58.90 836 159 0.05 -1.2 
360 70.33 7975 646 121 0.16 1.6 
370 74.14 1792 105 0.10 0.0 
390 81.44 0.06 -1.2 
440 92.48 1237 109 17 0.07 -0.7 
465 98.00 228 0.10 0.1 
505 106.82 141 13 0.00 -2.6 
530 112.34 5528 270 80 0.08 -0.4 
565 120.07 1110 144 38 0.07 -0.7 
639 136.18 7769 348 150 0.17 1.8 
670 142.79 11 22 6 0.08 -0.6 
 
 
 
 
 
 
 
 
 
 
 
 

A9 Relative abundances of the GDGTs of Core PS92/039-2. 
depth age GDGT-0 GDGT-1 GDGT-2 GDGT-3 Crenarchaeol 
[cm] [ka] [peak area] [peak area] [peak area] [peak area] [peak area] 
    
23 5675 380 103 33 5256 
24 5040 393 116 19 4690 
25 4.73 4706 231 81 21 4269 
65 11.83 1047 29 761 
105 15.66 16325 674 236 128 15251 
120 17.12 16878 838 311 113 13530 
145 28.29 467 10 6 6 201 
165 33.59 1887 30 1473 
190 37.07 465 201 
205 39.16 40607 1309 305 147 36231 
230 42.46 1633 79 1115 
245 43.39 4146 99 48 8 2263 
255 44.02 45310 2500 852 552 64290 
265 44.64 29892 1039 242 110 19535 
275 45.26 81371 2596 842 446 49710 
300 47.46 6540 190 27 21 4682 
330 58.90 2365 33 1685 
360 70.33 34020 1111 209 176 19931 
370 74.14 11094 532 150 31 7468 
390 81.44 347 22 13 258 
440 92.48 3137 140 41 29 2813 
465 98.00 388 11 4 292 
505 106.82 747 19 314 
530 112.34 25883 1191 324 110 17761 
565 120.07 5644 267 48 32 3816 
639 136.18 32182 1071 337 222 23389 
670 142.79 36       65 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
7.2 Appendix B 
B1 Bulk parameter contents of Core PS93/006-1.  
depth age TOC carbonate 
[cm] [ka] [%] [%] 
    

 0.39 1.02 15.73 

 0.94 0.86 12.90 

 1.49 0.89 10.26 

 3.15 0.68 11.04 

 3.70 0.66 12.64 

 4.26 0.74 10.81 
	
 4.81 0.83 9.01 
	
 5.36 0.89 5.10 


 5.91 0.96 4.36 

 7.02 0.53 3.51 

 7.57 0.75 3.39 

 8.12 0.78 5.25 

 8.82 0.77 4.47 

 10.51 0.85 3.38 

 11.35 0.85   

 12.19 0.96 3.95 

 13.04 1.11 3.83 

 14.46 1.16 4.30 

 15.31 1.15 4.39 

 15.88 0.97 3.94 

 16.45 0.86 5.06 
	
 17.58 0.39 7.57 
	
 18.15 0.37 3.26 


 18.72 0.48 2.84 


 19.29 0.51 2.67 

 19.86 0.52 6.85 

 20.43 0.39 1.04 

 20.99 0.41 2.27 

 21.56 0.42 3.29 

 22.13 0.47 3.28 

 23.27 0.55 2.45 

 23.90 0.71 3.33 

 26.50 0.77 4.61 

 27.47 0.72 5.82 

 28.77 0.66 4.74 

 30.40 0.74 6.16 

 33.65 0.75 4.41 

 35.27 0.72 6.19 

 36.90 0.73 3.84 
	
 38.52 0.72 3.73 
	
 40.15 0.72 4.14 


 41.77 0.80   

 45.02 0.85 4.11 

 46.65 0.88 3.82 

 48.27 0.91 2.98 

 49.90 0.80 0.38 

 55.08 0.84 3.71 

 57.14 0.86 4.39 

 58.57 0.45 2.15 

 59.99 0.31 5.15 

 62.84 0.49 1.56 

 64.26 4.54 

depth age TOC carbonate 
[cm] [ka] [%] [%] 
    

 67.11 0.56 1.97 

 68.54 0.66 5.34 
	
 69.96 0.72 2.61 
	
 71.38 0.38 3.84 


 72.81 5.42 


 76.23 10.12 

 77.08 0.30 2.54 

 78.51 0.32 6.99 

 79.93 0.44 4.20 

 81.35 0.31 3.13 

 82.78 0.40 2.33 

 85.63 0.71 2.82 
	
 87.05 0.43 1.60 
	
 91.32 0.61 0.37 
	
 92.75 0.78 4.06 
	
 94.17 0.83 3.37 
	
 97.02 0.80 4.15 
		
 98.45 0.73 3.74 
		
 99.87 0.75 3.51 
	

 101.29 0.75 3.20 
	

 102.72 0.76 3.58 
	
 104.09 0.81 3.43 
	
 104.95 4.84 
	
 105.81 0.78 3.64 
	
 107.54 0.82 3.62 
	
 108.40 0.65 2.07 
	
 109.27 0.75 4.06 
	
 110.13 0.85 2.86 
	
 110.30 0.52 9.06 


 110.48 0.36 9.00 


 110.65 0.29 1.66 


 110.82 0.27 8.69 


 111.00 0.27 8.90 

	
 111.17 0.29 7.41 



 111.34 0.28 8.48 


 111.51 0.29 3.52 


 111.69 0.34 3.52 


 112.03 0.34 5.70 


 112.20 0.36 7.29 


 112.38 0.44 6.18 


 112.55 0.42 1.95 


 112.72 0.42 1.81 

	
 112.90 0.38 0.66 


 113.24 0.43 1.47 


 113.41 0.41 7.04 


 113.59 0.41 2.22 


 113.93 5.55 


 114.45 0.56 6.09 


 115.83 0.59 5.00 


 116.18 0.73   


 116.70 0.71 4.26 

	
 117.56 0.71 2.08 

	
 117.90 0.68 2.69 

	
 118.42 0.66 3.87 

	
 118.77 0.72 6.76 
 
depth age TOC carbonate 
[cm] [ka] [%] [%] 
    



 119.29 0.66 4.63 



 119.63 0.64 3.99 



 120.15 0.61 4.82 



 120.50 0.61 2.98 


 121.01 0.63 1.74 


 121.36 0.69 1.77 


 121.88 0.75 2.01 


 122.22 0.67 0.09 


 122.74 0.75 3.33 


 123.12 0.78 2.47 


 123.82 0.77 3.29 


 124.28 0.80 1.15 


 124.98 0.80 1.11 


 125.45 0.78 3.46 


 126.15 0.77 2.99 


 127.32 0.74   


 127.78 0.77 10.58 


 128.48 0.76   


 128.95 0.80 4.61 

 130.18 7.06 

 131.95 0.32 7.51 

 135.50 0.64 1.30 

 137.28 0.33 4.89 

 139.05 0.43 2.53 

 140.83 0.69 4.36 
	
 144.37 0.52 1.55 
	
 146.15 0.44 1.55 


 147.92 0.55 4.16 


 149.70 0.75 2.60 

 151.47 0.74 1.48 

 153.25 0.39 3.06 

 155.02 0.45 3.18 

 156.80 0.58 0.65 

 158.57 0.52 3.85 

 162.12 0.39 7.18 

 163.90 0.48 3.16 

 165.67 0.41 4.83 

 167.45 0.51 6.61 

 170.99 0.32 0.79 

 172.06 0.36 2.83 

 172.77 0.41 0.92 

 176.32 0.66 2.36 

 178.09 0.72 0.21 
	
 179.87 0.33 3.72 
	
 181.64 0.36 5.21 


 183.42 0.44 1.89 


 185.19 0.47 2.87 

 186.97 0.46 2.09 

 190.52 0.62 0.68 

 192.29 0.52 6.35 

 193.74 0.62 5.26 


 194.24 0.64 0.54 
 
 

B2 Biomarker contents [in µg/g sediment] of Core PS93/006-1.  
depth age IP25   HBI II HBI III brassicasterol dinosterol campesterol β-sitosterol 
[cm] [ka] [µg/g Sed] [µg/g Sed] [µg/g Sed] [µg/g Sed] [µg/g Sed] [µg/g Sed] [µg/g Sed] 
    
3.5 0.39 0.0020 0.2530 0.5234 0.2195 0.0492 0.0549 0.2688 
13.5 1.49 0.0015 0.0031 0.0055 0.1458 0.0368 0.0518 0.1688 
23.5 2.60 0.0014 0.0031 0.3699 0.0357 0.0501 0.2233 
33.5 3.70 0.0008 0.0170 0.0709 0.0912 0.0310 0.0242 0.0966 
43.5 4.81 0.0005 0.0202 0.1598 0.1244 0.0450 0.0272 0.1319 
53.5 5.91 0.0017 0.0008 0.0157 0.1884 0.0550 0.0505 0.2250 
58.5 6.47 0.0022 0.0338 0.4241 0.0398 0.0979 0.3594 
63.5 7.02 0.0003 0.0011 0.0046 0.0428 0.0235 0.0216 0.0771 
73.5 8.12 0.0012 0.0030 0.0274 0.0791 0.0534 0.0352 0.1308 
83.5 9.66 0.0025 0.0217 0.2107 0.0553 0.0626 0.2449 
93.5 11.35 0.0031 0.0058 0.0432 0.1270 0.0708 0.0603 0.2396 
103.5 13.04 0.0032 0.0057 0.0194 0.2242 0.0943 0.1010 0.3558 
108.5 13.88 0.0053 0.0047 0.0145 0.2516 0.0611 0.0865 0.3403 
113.5 14.46 0.0035 0.0014 0.0036 0.6706 0.1475 0.2576 0.7767 
123.5 15.31 0.0034 0.0021 0.0153 0.2635 0.0940 0.1068 0.3748 
133.5 16.45 0.0022 0.0008 0.0032 0.1718 0.0879 0.0788 0.2964 
138.5 17.02 0.0026 0.0265 0.3724 0.0879 0.1498 0.6140 
143.5 17.58 0.0004 0.0006 0.0053 0.0482 0.0138 0.0229 0.0867 
153.5 18.72 0.0000 0.0000 0.0003 0.0042 0.0001 0.0015 0.0081 
163.5 19.86 0.0000 0.0000 0.0057 0.0028 0.0019 0.0103 
173.5 20.99 0.0000 0.0000 0.0032 0.0000 0.0014 0.0045 
183.5 22.13 0.0000 0.0000 0.0069 0.0036 0.0048 0.0102 
188.5 22.70 0.0000 0.0001 0.0195 0.0000 0.0000 0.0269 
193.5 23.27 0.0002 0.0003 0.0229 0.0140 0.0090 0.0315 
203.5 25.62 0.0021 0.0025   
213.5 29.05 0.0023 0.0032 0.0171 0.0583 0.0244 0.0184 0.0651 
223.5 32.49 0.0007 0.0143 0.1526 0.0218 0.0270 0.1132 
233.5 35.92 0.0003 0.0032 0.0049 0.0419 0.0222 0.0129 0.0500 
243.5 39.36 0.0002 0.0025 0.0309 0.0519 0.0314 0.0152 0.0630 
253.5 42.79 0.0005 0.0016 0.0341 0.0760 0.0349 0.0227 0.0953 
258.5 44.51 0.0006 0.0001 0.0251 0.0812 0.0315 0.0238 0.0908 
263.5 46.23 0.0008 0.0106 0.0006 0.1089 0.0432 0.0354 0.1381 
273.5 49.66 0.0009 0.0018 0.1113 0.1147 0.0420 0.0307 0.1281 
283.5 53.10 0.0022 0.0031 0.0166 0.4564 0.0385 0.0641 0.3171 
293.5 56.10 0.0010 0.0166 0.1997 0.0383 0.0470 0.1639 
303.5 58.53 0.0012 0.0006 0.0323 0.0255 0.0074 0.0111 0.0374 
313.5 61.32 0.0000 0.0011 0.0000 0.0000 0.0000 0.0000 
318.5 62.72 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
328.5 65.50 0.0000 0.0000 0.0000 0.0000 0.0141 
333.5 66.90 0.0007 0.0001 0.0154 0.0148 0.0112 0.0376 
338.5 68.29 0.0024 0.0036 0.0000 0.0410 0.0286 0.0177 0.0745 
343.5 69.68 0.0036 0.0051 0.0046 0.1049 0.0395 0.0381 0.1427 
348.5 71.08 0.0020 0.0044 0.0044 0.0373 0.0185 0.0103 0.0573 
353.5 72.47 0.0004 0.0010 0.0060 0.0185 0.0156 0.0081 0.0348 
358.5 73.87 0.0009 0.0018 0.0613 0.0191 0.0216 0.0997 
365.5 75.82 0.0004 0.0008 0.0008 0.0151 0.0141 0.0080 0.0372 
373.5 78.05 0.0003 0.0009 0.0007 0.0110 0.0058 0.0038 0.0166 
383.5 80.84 0.0002 0.0014 0.0113 0.0054 0.0045 0.0184 
393.5 83.62 0.0022 0.0004 0.1146 0.0112 0.0043 0.0832 
403.5 86.41 0.0026 0.0070 0.0030 0.2229 0.0773 0.0638 0.2739 
413.5 89.20 0.0000 0.0385 0.0183 0.0000 0.0000 0.0066 
423.5 91.99 0.0026 0.0061 0.0246 0.1159 0.0361 0.0266 0.1149 
433.5 94.78 0.0026 0.0006 0.0015 0.1299 0.0433 0.0436 0.1259 
443.5 97.56 0.0015 0.0035 0.0071 0.0727 0.0262 0.0291 0.1340 
453.5 100.35 0.0035 0.0082 0.0113 0.0646 0.0343 0.0312 0.1072 
463.5 103.09 0.0021 0.0414 0.0905 0.0988 0.0452 0.0395 0.1429 
473.5 104.91 0.0013 0.0029 0.0097 0.1048 0.0344 0.0363 0.1199 
478.5 105.82 0.0026 0.0067 0.3580 0.0495 0.2858 0.2858 
483.5 106.73 0.0000 0.0031 0.0098 0.1541 0.0439 0.0500 0.1372 
 
depth age IP25   HBI II HBI III brassicasterol Dinosterol campesterol β-sitosterol 
[cm] [ka] [µg/g Sed] [µg/g Sed] [µg/g Sed] [µg/g Sed] [µg/g Sed] [µg/g Sed] [µg/g Sed] 
    
493.5 108.55 0.0012 0.0044 0.0152 0.2093 0.0563 0.0674 0.1845 
503.5 110.36 0.0000 0.0000 0.0038 0.0031 0.0038 0.0056 
510.5 111.64 0.0000 0.0126 0.0000 0.0000 0.0228 
515.5 112.55 0.0000 0.0095 0.0000 0.0000 0.0249 
522.5 113.82 0.0024 0.0099 0.1444 0.0249 0.0313 0.1727 
523.5 114.00 0.0022 0.0075 0.0206 0.0347 0.0220 0.0137 0.0633 
528.5 114.91 0.0014 0.0009 0.1154 0.0223 0.0075 0.1357 
533.5 115.82 0.0019 0.0046 0.0041 0.0954 0.0252 0.0285 0.1172 
538.5 116.73 0.0029   
543.5 117.64 0.0027 0.0046 0.0039 0.0845 0.0300 0.0289 0.1086 
553.5 119.45 0.0024 0.0033 0.0033 0.0717 0.0281 0.0231 0.0913 
563.5 121.27 0.0019 0.0030 0.0025 0.0708 0.0235 0.0220 0.0907 
573.5 123.12 0.0016 0.0023 0.0031 0.0410 0.0149 0.0157 0.0635 
583.5 125.45 0.0016 0.0084 0.0164 0.0919 0.0296 0.0349 0.1158 
588.5 126.62 0.0017 0.0111 0.3435 0.0391 0.0907 0.2879 
593.5 127.78 0.0013 0.0026 0.0141 0.1072 0.0264 0.0329 0.1258 
603.5 130.18 0.0003 0.0011 0.0062 0.0662 0.0217 0.0178 0.0813 
613.5 133.73 0.0000 0.0000 0.0000 0.0000 0.0000 
618.5 135.50 0.0005 0.0010 0.0019 0.0223 0.0040 0.0061 0.0318 
633.5 140.83 0.0009 0.0026 0.0054 0.0667 0.0224 0.0272 0.0921 
638.5 142.60 0.0005 0.0017 0.0207 0.0000 0.0000 0.0088 
643.5 144.37 0.0000 0.0000 0.0039 0.0000 0.0000 0.0074 
653.5 147.92 0.0000 0.0000 0.0116 0.0058 0.0063 0.0215 
663.5 151.47 0.0007 0.0025 0.0121 0.0447 0.0094 0.0163 0.0473 
673.5 155.02 0.0009 0.0028 0.0108 0.1437 0.0348 0.0413 0.1497 
683.5 158.57 0.0014 0.0028 0.0094 0.0698 0.0164 0.0188 0.0732 
688.5 160.35 0.0013 0.0061 0.0762 0.0000 0.0000 0.0684 
693.5 162.12 0.0003 0.0010   
703.5 165.67 0.0007 0.0010 0.0069 0.0373 0.0126 0.0132 0.0513 
713.5 169.22 0.0000 0.0057 0.0000 0.0000 0.0187 
723.5 172.77 0.0000 0.0001 0.0000 0.0043 0.0028 0.0218 
733.5 176.32 0.0007 0.0014 0.0000 0.0055 0.0079 0.0691 
743.5 179.87 0.0001 0.0005 0.0018 0.0006 0.0008 0.0040 
753.5 183.42 0.0000 0.0000 0.0024 0.0000 0.0000 0.0034 
763.5 186.97 0.0000 0.0000 0.0059 0.0000 0.0025 0.0056 
768.5 188.74 0.0000 0.0293 0.0000 0.0000 0.0201 
773.5 190.52 0.0000 0.0003 0.0009 0.0252 0.0073 0.0069 0.0257 
783.5 193.74 0.0008 0.0070 0.0437 0.0858 0.0176 0.0199 0.0720 
 
 
 
 
 
 
 
 
 
 

B3 Biomarker contents [in µg/g OC] of Core PS93/006-1.  
depth age IP25   HBI II HBI III brassicasterol dinosterol campesterol β-sitosterol 
[cm] [ka] [µg/g OC] [µg/g OC] [µg/g OC] [µg/g OC] [µg/g OC] [µg/g OC] [µg/g OC] 
    
3.5 0.39 0.1927 24.6999 51.1027 21.4349 4.8003 5.3627 26.2402 
13.5 1.49 0.1679 0.3528 0.6131 16.3342 4.1272 5.7997 18.9056 
23.5 2.60 0.1813 0.4108 48.3057 4.6568 6.5431 29.1576 
33.5 3.70 0.1181 2.5583 10.6798 13.7330 4.6676 3.6406 14.5377 
43.5 4.81 0.0652 2.4409 19.2585 14.9988 5.4245 3.2809 15.9032 
53.5 5.91 0.1748 0.0829 1.6282 19.5530 5.7066 5.2469 23.3598 
58.5 6.47 0.2436 3.6909 46.2429 4.3396 10.6716 39.1970 
63.5 7.02 0.0504 0.2035 0.8720 8.0505 4.4122 4.0682 14.5076 
73.5 8.12 0.1493 0.3791 3.5035 10.1320 6.8404 4.5083 16.7571 
83.5 9.66 0.3218 2.7390 26.6347 6.9863 7.9170 30.9613 
93.5 11.35 0.3615 0.6852 5.0810 14.9570 8.3397 7.1003 28.2142 
103.5 13.04 0.2836 0.5148 1.7492 20.1736 8.4869 9.0878 32.0191 
108.5 13.88 0.4962 0.4385 1.3448 23.3616 5.6705 8.0273 31.5979 
113.5 14.46 0.3002 0.1188 0.3069 57.8034 12.7179 22.2013 66.9528 
123.5 15.31 0.2970 0.1847 1.3322 22.9962 8.2049 9.3206 32.7115 
133.5 16.45 0.2539 0.0984 0.3792 20.0478 10.2592 9.1974 34.5840 
138.5 17.02 0.2942 2.9460 41.4140 9.7718 16.6556 68.2915 
143.5 17.58 0.1052 0.1555 1.3817 12.4881 3.5823 5.9251 22.4710 
153.5 18.72 0.0000 0.0000 0.0679 0.8795 0.0176 0.3146 1.6841 
163.5 19.86 0.0000 0.0000 0.0000 1.1124 0.5352 0.3643 2.0017 
173.5 20.99 0.0000 0.0000 0.0000 0.7660 0.0000 0.3297 1.0846 
183.5 22.13 0.0000 0.0000 0.0000 1.4720 0.7673 1.0096 2.1729 
188.5 22.70 0.0000 0.0103 0.0000 3.5168 0.0000 0.0000 4.8502 
193.5 23.27 0.0378 0.0532 4.1606 2.5394 1.6347 5.7085 
203.5 25.62 0.2910 0.3459   
213.5 29.05 0.3472 0.4827 2.3827 8.8831 3.7163 2.8079 9.9132 
223.5 32.49 0.0939 2.1774 21.2945 3.0362 3.7643 15.7974 
233.5 35.92 0.0409 0.4525 0.6797 5.8392 3.0912 1.8004 6.9763 
243.5 39.36 0.0305 0.3449 4.3034 7.2095 4.3580 2.1071 8.7458 
253.5 42.79 0.0598 0.2021 4.7424 9.4816 4.3471 2.8314 11.8925 
258.5 44.51 0.0796 0.0077 3.1369 10.4290 4.0404 3.0524 11.6631 
263.5 46.23 0.0977 1.2457 0.0780 12.8260 5.0889 4.1727 16.2710 
273.5 49.66 0.0971 0.1932 13.1171 12.5932 4.6107 3.3678 14.0652 
283.5 53.10 0.2322 0.3720 1.8283 47.4556 4.0055 6.6633 32.9721 
293.5 56.10 0.1158 1.7213 23.6494 4.5305 5.5611 19.4063 
303.5 58.53 0.2638 0.1279 3.8259 5.6342 1.6381 2.4497 8.2566 
313.5 61.32 0.0000 0.2449 0.0000 0.0000 0.0000 0.0000 
318.5 62.72 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
328.5 65.50 0.0000 0.0000 0.0000 0.0000 0.0000 2.3950 
333.5 66.90 0.1180 0.0103 0.0000 2.7530 2.6507 1.9997 6.7255 
338.5 68.29 0.3623 0.5496 0.0065 6.1833 4.3029 2.6624 11.2255 
343.5 69.68 0.5032 0.7117 0.6883 14.5533 5.4738 5.2864 19.8005 
348.5 71.08 0.5131 1.1672 0.6113 9.8140 4.8672 2.7013 15.0823 
353.5 72.47 0.0998 0.2962 1.5836 4.6252 3.9016 2.0327 8.6893 
358.5 73.87 0.1980 0.4441 13.9599 4.3528 4.9199 22.7007 
365.5 75.82 0.1137 0.2572 0.1840 4.7253 4.4033 2.5080 11.6214 
373.5 78.05 0.1003 0.2984 0.2100 3.4850 1.8451 1.1878 5.2531 
383.5 80.84 0.0000 0.0623 0.4555 3.6002 1.7179 1.4429 5.8629 
393.5 83.62 0.5418 0.0556 27.9232 2.7413 1.0509 20.2812 
403.5 86.41 0.6164 1.6251 0.7424 51.9469 18.0151 14.8692 63.8498 
413.5 89.20 0.0000 8.9831 4.2619 0.0000 0.0000 1.5448 
423.5 91.99 0.3365 0.7789 3.1638 14.8886 4.6402 3.4116 14.7599 
433.5 94.78 0.3077 0.0701 0.1790 15.6182 5.2093 5.2425 15.1443 
443.5 97.56 0.2016 0.4731 0.9753 9.9443 3.5874 3.9857 18.3354 
453.5 100.35 0.4679 1.0924 1.5065 8.6374 4.5923 4.1774 14.3309 
463.5 103.09 0.2520 5.0403 11.0187 12.0348 5.5066 4.8105 17.4014 
473.5 104.91 0.3807 1.2519 13.4258 4.4044 4.6450 15.3511 
478.5 105.82 0.3326 0.8643 46.3052 6.4029 36.9658 36.9658 
483.5 106.73 0.0000 0.3821 1.1883 18.7238 5.3365 6.0778 16.6656 
 	
depth age IP25   HBI II HBI III brassicasterol Dinosterol campesterol β-sitosterol 
[cm] [ka] [µg/g OC] [µg/g OC] [µg/g OC] [µg/g OC] [µg/g OC] [µg/g OC] [µg/g OC] 
    
493.5 108.55 0.1609 0.5878 2.0339 28.0578 7.5534 9.0372 24.7341 
503.5 110.36 0.0000 0.0000 0.0000 1.3844 1.1501 1.3844 2.0768 
510.5 111.64 0.0000 0.0000 2.6487 0.0000 0.0000 4.7958 
515.5 112.55 0.0000 0.0000 2.0238 0.0000 0.0000 5.2784 
522.5 113.82 0.3531 1.4864 21.6974 3.7456 4.6989 25.9526 
523.5 114.00 0.4026 1.3482 3.6903 6.2237 3.9377 2.4508 11.3495 
528.5 114.91 0.2109 0.1351 16.9018 3.2728 1.0960 19.8698 
533.5 115.82 0.2560 0.6356 0.5628 13.0759 3.4567 3.9095 16.0669 
538.5 116.73 0.3637   
543.5 117.64 0.3965 0.6807 0.5731 12.4203 4.4111 4.2429 15.9632 
553.5 119.45 0.3731 0.5074 0.5162 11.1286 4.3636 3.5860 14.1710 
563.5 121.27 0.2725 0.4345 0.3580 10.2870 3.4159 3.2004 13.1726 
573.5 123.12 0.2087 0.2910 0.3936 5.2552 1.9122 2.0119 8.1332 
583.5 125.45 0.2006 1.0726 2.0960 11.7757 3.7909 4.4641 14.8313 
588.5 126.62 0.1900 1.2108 37.4938 4.2734 9.8978 31.4269 
593.5 127.78 0.1730 0.3340 1.8225 13.8717 3.4175 4.2548 16.2755 
603.5 130.18 0.0509 0.1507 1.2354 13.2321 4.3326 3.5544 16.2649 
613.5 133.73 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
618.5 135.50 0.0710 0.1482 0.2926 3.4580 0.6179 0.9386 4.9379 
633.5 140.83 0.1245 0.3714 0.7827 9.6589 3.2391 3.9426 13.3351 
638.5 142.60 0.1022 0.3312 3.9505 0.0000 0.0000 1.6875 
643.5 144.37 0.0000 0.0000 0.0000 0.7491 0.0000 0.0000 1.4400 
653.5 147.92 0.0000 0.0000 0.0000 2.1086 1.0550 1.1342 3.9036 
663.5 151.47 0.0918 0.3380 1.6209 6.0048 1.2601 2.1877 6.3459 
673.5 155.02 0.2037 0.6201 2.4155 32.1075 7.7687 9.2384 33.4468 
683.5 158.57 0.2759 0.5374 1.8142 13.5140 3.1729 3.6421 14.1764 
688.5 160.35 0.2220 1.0483 13.0365 0.0000 0.0000 11.7021 
693.5 162.12 0.0673 0.2472   
703.5 165.67 0.1625 0.2417 1.6776 9.0827 3.0779 3.2268 12.4950 
713.5 169.22 0.0000 0.0000 1.3050 0.0000 0.0000 4.2623 
723.5 172.77 0.0000 0.0260 0.0000 0.0000 1.0503 0.6793 5.3576 
733.5 176.32 0.1091 0.2040 0.0000 0.0000 0.8330 1.1868 10.4341 
743.5 179.87 0.0333 0.1403 0.0000 0.5495 0.1883 0.2535 1.2035 
753.5 183.42 0.0000 0.0000 0.0000 0.5593 0.0000 0.0000 0.7834 
763.5 186.97 0.0000 0.0000 0.0000 1.2740 0.0000 0.5434 1.2088 
768.5 188.74 0.0000 0.0000 4.8392 0.0000 0.0000 3.3209 
773.5 190.52 0.0000 0.0429 0.1527 4.0656 1.1745 1.1082 4.1421 
783.5 193.74 0.1310 1.1424 7.0967 13.9376 2.8594 3.2245 11.6843 
 
 
 
 
 
 
 
 
 
 


B4 Values of the PBIP25, PDIP25 and PIIIIP25 indices of Core PS93/006-1.  
depth age PBIP25 PDIP25 PIIIIP25 depth age PBIP25 PDIP25 PIIIIP25 
[cm] [ka]       [cm] [ka]       
    493.5 108.55 0.3 0.3 0.5 
3.5 0.39 0.4 0.5 0.1 503.5 110.36 1.0 1.0 1.0 
13.5 1.49 0.4 0.5 0.8 510.5 111.64 1.0 1.0 1.0 
23.5 2.60 0.2 0.5 0.9 515.5 112.55 1.0 1.0 1.0 
33.5 3.70 0.4 0.4 0.1 522.5 113.82 0.5 0.7 0.8 
43.5 4.81 0.2 0.2 0.0 523.5 114.00 0.8 0.7 0.6 
53.5 5.91 0.4 0.4 0.6 528.5 114.91 0.5 0.6 1.0 
58.5 6.47 0.3 0.6 0.5 533.5 115.82 0.6 0.6 0.9 
63.5 7.02 0.3 0.2 1.0 538.5 116.73   
73.5 8.12 0.5 0.3 0.4 543.5 117.64 0.7 0.7 0.9 
83.5 9.66 0.5 0.5 0.6 553.5 119.45 0.7 0.7 0.9 
93.5 11.35 0.6 0.5 0.5 563.5 121.27 0.6 0.6 0.9 
103.5 13.04 0.5 0.4 0.7 573.5 123.12 0.7 0.7 0.9 
108.5 13.88 0.6 0.7 0.8 583.5 125.45 0.5 0.5 0.6 
113.5 14.46 0.3 0.3 0.9 588.5 126.62 0.3 0.5 0.7 
123.5 15.31 0.5 0.4 0.8 593.5 127.78 0.5 0.5 0.6 
133.5 16.45 0.5 0.4 0.9 603.5 130.18 0.2 0.2 1.0 
138.5 17.02 0.3 0.4 0.6 613.5 133.73 1.0 1.0 1.0 
143.5 17.58 0.4 0.4 1.0 618.5 135.50 1.0 1.0 1.0 
153.5 18.72 1.0 1.0 1.0 633.5 140.83 1.0 0.5 1.0 
163.5 19.86 1.0 1.0 1.0 638.5 142.60 1.0 1.0 1.0 
173.5 20.99 1.0 1.0 1.0 643.5 144.37 1.0 1.0 1.0 
183.5 22.13 1.0 1.0 1.0 653.5 147.92 1.0 1.0 1.0 
188.5 22.70 1.0 1.0 1.0 663.5 151.47 1.0 1.0 1.0 
193.5 23.27 1.0 1.0 1.0 673.5 155.02 0.3 0.4 0.6 
203.5 25.62   683.5 158.57 0.6 0.7 0.7 
213.5 29.05 0.7 0.7 0.6 688.5 160.35 0.5 1.0 0.8 
223.5 32.49 0.2 0.4 0.7 693.5 162.12   
233.5 35.92 1.0 0.2 1.0 703.5 165.67 0.5 0.5 0.6 
243.5 39.36 1.0 0.1 0.1 713.5 169.22 1.0 1.0 1.0 
253.5 42.79 0.3 0.2 0.1 723.5 172.77 1.0 1.0 1.0 
258.5 44.51 0.3 0.3 0.2 733.5 176.32 1.0 1.0 1.0 
263.5 46.23 0.3 0.3 1.0 743.5 179.87 1.0 1.0 1.0 
273.5 49.66 0.3 0.3 0.1 753.5 183.42 1.0 1.0 1.0 
283.5 53.10 0.2 0.6 1.0 763.5 186.97 1.0 1.0 1.0 
293.5 56.10 0.2 0.4 0.7 768.5 188.74 1.0 1.0 1.0 
303.5 58.53 0.8 0.8 0.3 773.5 190.52 1.0 1.0 1.0 
313.5 61.32 1.0 1.0 0.9 783.5 193.74 0.4 0.5 0.2 
318.5 62.72 1.0 1.0 1.0 
328.5 65.50 1.0 1.0 1.0 
333.5 66.90 1.0 0.5 1.0 
338.5 68.29 0.8 0.7 1.0 
343.5 69.68 0.7 0.7 0.9 
348.5 71.08 0.8 0.7 0.9 
353.5 72.47 1.0 0.4 0.8 
358.5 73.87 0.5 0.5 1.0 
365.5 75.82 1.0 0.4 0.9 
373.5 78.05 1.0 1.0 1.0 
383.5 80.84 1.0 1.0 1.0 
393.5 83.62 0.6 0.8 1.0 
403.5 86.41 0.4 0.4 1.0 
413.5 89.20 0.5 
423.5 91.99 0.6 0.6 0.6 
433.5 94.78 0.6 0.6 1.0 
443.5 97.56 0.6 0.6 0.8 
453.5 100.35 0.8 0.7 0.8 
463.5 103.09 0.6 0.5 0.2 
473.5 104.91 0.5 0.5 0.7 
478.5 105.82 0.3 0.5 0.8 
483.5 106.73 0.0 0.0 1.0 
 
7.3 Appendix C 
C1 Oxygen (red) and carbon (blue) isotope records for the sediment cores PS2887-1 
(Nørgaard-Petersen and Spielhagen, 2000), PS1230-2 (Bauch et al., 2001), PS1906-1 
(Bauch, 1997), PS1243-1 and M23352-3 (Bauch and Erlenkeuser, 2001) along the East 
Greenland margin. Grey shading refers to interglacial stages. 
 
 
 
 
 
 
 
 

C2 Preliminary shipboard age model for the cores PS87/070-1 and PS87/079-1 from the 
Siberian part of the Lomonosov Ridge (from Stein et al., 2015). The relative abundance of 
IP25 (black), marine biomarkers (brassicasterol, dinosterol; green) and terrigenous 
biomarkers (campesterol, β-sitosterol; brown) is displayed by circles. Here, blank circles 
indicate an absence, half-filled circles refer to minimum contents and filled circles indicate 
enhanced contents. 
 
 
 
 
 
 
 
 
 
C3 Preliminary shipboard age model of Core PS87/030-1 from the Greenland side of the 
Lomonosov Ridge (from Stein et al., 2015). The relative abundance of IP25 (black), marine 
biomarkers (brassicasterol, dinosterol; green) and terrigenous biomarkers (campesterol, β-
sitosterol; brown) is displayed by circles. Here, blank circles indicate an absence, half-filled 
circles refer to minimum contents and filled circles indicate enhanced contents. 
 
 
 
 
 
 

C4 Preliminary shipboard age model of Core PS87/023-1 from the Greenland side of the 
Lomonosov Ridge (from Stein et al., 2015). The relative abundance of IP25 (black), marine 
biomarkers (brassicasterol, dinosterol; green) and terrigenous biomarkers (campesterol, β-
sitosterol; brown) is displayed by circles. Here, blank circles indicate an absence, half-filled 
circles refer to minimum contents and filled circles indicate enhanced contents. 
 
 
 
 
 
 
C5 Preliminary shipboard age model of Core PS93/016-6 from the northeastern continental 
margin of Greenland at ~82°N (from Stein et al., 2016b). Three AMS14C datings helped to 
pinpoint MIS 3 and MIS 2. The relative abundance of IP25 (black), marine biomarkers 
(brassicasterol, dinosterol; green) and terrigenous biomarkers (campesterol, β-sitosterol; 
brown) is displayed by circles. Here, blank circles indicate an absence, half-filled circles 
refer to minimum contents and filled circles indicate enhanced contents.  
 
 
 
 
 

C6 Bulk parameter contents of Core PS93/031-4.  
depth age TOC carbonate C/N ratio depth age TOC carbonate C/N ratio 
[cm] [ka] [%] [%]   [cm] [ka] [%] [%]   
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C7 Biomarker contents [in µg/g sediment] of Core PS93/031-4.  
 
depth age IP25   HBI II HBI III brassicasterol dinosterol campesterol β-sitosterol 
[cm] [ka] [µg/g Sed] [µg/g Sed] [µg/g Sed] [µg/g Sed] [µg/g Sed] [µg/g Sed] [µg/g Sed] 
    
10.5 11.05 0.0000 0.0000 0.0000 0.0048 0.0022 0.0034 0.0096 
20.5 20.52 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0077 
30.5 23.97 0.0000 0.0000 0.0000 0.0000 0.0005 0.0000 0.0036 
40.5 27.42 0.0000 0.0000 0.0000 0.0008 0.0005 0.0000 0.0037 
50.5 30.88 0.0000 0.0000 0.0000 0.0000 0.0000 0.0008 0.0028 
60.5 33.42 0.0000 0.0000 0.0000 0.0000 0.0000 0.0007 0.0032 
70.5 35.16 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0029 
80.5 36.90 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0031 
90.5 38.64 0.0000 0.0000 0.0000 0.0000 0.0000 0.0010 0.0038 
100.5 40.38 0.0000 0.0000 0.0000 0.0068 0.0035 0.0080 0.0178 
110.5 42.12 0.0007 0.0012 0.0012 0.0574 0.0057 0.0998 0.0553 
120.5 43.85 0.0008 0.0012 0.0008 0.0534 0.0056 0.0218 0.0513 
130.5 45.59 0.0009 0.0013 0.0007 0.0408 0.0043 0.0192 0.0422 
140.5 47.33 0.0000 0.0002 0.0000 0.0048 0.0018 0.0034 0.0100 
150.5 49.07 0.0006 0.0007 0.0000 0.0083 0.0053 0.0270 0.0167 
160.5 51.04 0.0000 0.0000 0.0000 0.0046 0.0018 0.0023 0.0069 
170.5 53.43 0.0000 0.0000 0.0000 0.0000 0.0000 0.0016 0.0074 
180.5 55.83 0.0000 0.0000 0.0000 0.0000 0.0000 0.0015 0.0058 
190.5 58.22 0.0009 0.0016 0.0014 0.0659 0.0087 0.0374 0.0709 
200.5 60.61 0.0010 0.0017 0.0013 0.0585 0.0096 0.2365 0.0677 
205.5 61.81 0.0009 0.0016 0.0014 0.0594 0.0082 0.0414 0.0565 
249.5 72.34 0.0003 0.0109 0.0055 0.0047 0.0248 
262.5 76.49 0.0002 0.0020 0.0000 0.0021 0.0068 
270.5 79.13 0.0012 0.0000 0.0000 0.0000 0.0000 0.0000 0.0030 
275.5 80.78 0.0004 0.0000 0.0000 0.0000 0.0000 0.0000 0.0039 
280.5 82.42 0.0005 0.0000 0.0000 0.0006 0.0005 0.0000 0.0038 
285.5 84.07 0.0002 0.0026 0.0000 0.0017 0.0080 
289.5 85.39 0.0002 0.0000 0.0000 0.0000 0.0005 0.0000 0.0025 
300.5 89.02 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0034 
310.5 92.31 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0035 
315.5 93.96 0.0000 0.0033 0.0000 0.0028 0.0102 
320.5 95.61 0.0000 0.0003 0.0000 0.0253 0.0055 0.0076 0.0185 
330.5 98.91 0.0007 0.0014 0.0009 0.0716 0.0103 0.0227 0.0556 
340.5 102.20 0.0009 0.0006 0.0697 0.0084 0.0359 0.0951 
345.5 103.85 0.0013 0.0017 0.0007 0.0443 0.0077 0.0242 0.0736 
350.5 105.50 0.0012 0.0018 0.0007 0.0459 0.0078 0.0225 0.0657 
360.5 108.79 0.0011 0.0016 0.0004 0.0428 0.0081 0.0247 0.0829 
370.5 112.09 0.0006 0.0010 0.0004 0.0206 0.0065 0.0147 0.0392 
380.5 115.39 0.0015 0.0664 0.0120 0.0395 0.1376 
390.5 118.68 0.0003 0.0000 0.0000 0.0000 0.0000 0.0000 0.0112 
400.5 121.98 0.0002 0.0000 0.0000 0.0000 0.0000 0.0000 0.0057 
421.5 128.90 0.0001 0.0100 0.0061 0.0146 0.1005 
431.5 132.20 0.0002 0.0000 0.0000 0.0019 0.0019 0.0012 0.0052 
440.5 135.21 0.0002 0.0000 0.0000 0.0014 0.0017 0.0010 0.0043 
446.5 137.75 0.0002 0.0000 0.0000 0.0000 0.0007 0.0006 0.0026 
455.5 141.56 0.0003 0.0000 0.0000 0.0000 0.0000 0.0000 0.0034 
459.5 143.25 0.0004 0.0000 0.0000 0.0000 0.0006 0.0005 0.0024 
465.5 145.79 0.0002 0.0046 0.0018 0.0022 0.0100 
469.5 149.01 0.0000 0.0000 0.0017 0.0042 0.0260 
470.5 149.87 0.0004 0.0000 0.0000 0.0000 0.0005 0.0006 0.0026 
480.5 158.47 0.0003 0.0000 0.0000 0.0000 0.0006 0.0009 0.0049 
490.5 167.08 0.0004   
500.5 175.68 0.0002 0.0000 0.0000 0.0020 0.0014 0.0015 0.0047 
505.5 179.98 0.0004 0.0000 0.0000 0.0018 0.0014 0.0010 0.0061 
 	
depth age IP25   HBI II HBI III brassicasterol Dinosterol campesterol β-sitosterol 
[cm] [ka] [µg/g Sed] [µg/g Sed] [µg/g Sed] [µg/g Sed] [µg/g Sed] [µg/g Sed] [µg/g Sed] 
    
515.5 188.59 0.0003 0.0000 0.0000 0.0019 0.0011 0.0000 0.0052 
525.5 197.19 0.0006 0.0044 0.0016 0.0031 0.0084 
530.5 201.49 0.0003 0.0000 0.0000 0.0000 0.0008 0.0007 0.0040 
540.5 210.09 0.0002 0.0000 0.0000 0.0000 0.0000 0.0014 0.0056 
550.5 218.70 0.0003 0.0000 0.0000 0.0000 0.0010 0.0012 0.0069 
555.5 223.00 0.0003 0.0000 0.0000 0.0013 0.0000 0.0018 0.0082 
564.5 230.74 0.0033 0.0009 0.0745 0.0147 0.0438 0.1658 
572.5 237.63 0.0000 0.0000 0.0000 0.0020 0.0013 0.0024 0.0154 
580 244.08 0.0003 0.0003 0.0000 0.0061 0.0029 0.0053 0.0251 
590.5 253.11 0.0012 0.0025 0.0011 0.0432 0.0086 0.0267 0.0887 
595.5 257.41 0.0021 0.0025 0.0006 0.0919 0.0122 0.0477 0.1743 
600.5 261.72 0.0013 0.0013 0.0455 0.0079 0.0249 0.0833 
610.5 270.32 0.0019 0.0012 0.0721 0.0087 0.0398 0.1455 
618 276.77 0.0028 0.0016 0.0634 0.0153 0.0350 0.1625 
621.5 279.78 0.0007 0.0003 0.0171 0.0061 0.0104 0.0441 
630.5 287.53 0.0000 0.0000 0.0000 0.0033 0.0016 0.0022 0.0081 
640.5 296.13 0.0003 0.0000 0.0000 0.0009 0.0000 0.0006 0.0031 
645.5 300.39 0.0007 0.0025 0.0015 0.0020 0.0106 
650.5 304.33 0.0003 0.0000 0.0000 0.0006 0.0004 0.0008 0.0027 
660.5 312.20 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0033 
670.5 320.07 0.0005 0.0000 0.0000 0.0000 0.0000 0.0007 0.0029 
675.5 324.01 0.0001 0.0040 0.0016 0.0037 0.0224 
680.5 327.95 0.0002 0.0000 0.0000 0.0048 0.0035 0.0047 0.0149 
690.5 335.82 0.0016 0.0028 0.0014 0.0419 0.0073 0.0269 0.0890 
695.5 339.76 0.0025 0.0006 0.0963 0.0147 0.0554 0.2113 
700.5 343.69 0.0019 0.0034 0.0015 0.0639 0.0093 0.0409 0.1283 
710.5 351.56 0.0001 0.0000 0.0000 0.0018 0.0011 0.0019 0.0080 
720.5 359.44 0.0000 0.0088 0.0043 0.0062 0.0314 
730.5 367.31 0.0001 0.0000 0.0000 0.0010 0.0008 0.0014 0.0067 
740.5 375.14 0.0002 0.0000 0.0000 0.0038 0.0027 0.0038 0.0130 
749.5 381.95 0.0003 0.0003 0.0390 0.0094 0.0170 0.0427 
760.5 390.29 0.0003 0.0000 0.0000 0.0000 0.0000 0.0000 0.0049 
770.5 397.86 0.0002 0.0000 0.0000 0.0000 0.0000 0.0012 0.0061 
775.5 401.65 0.0000 0.0023 0.0014 0.0020 0.0084 
780.5 405.44 0.0002 0.0000 0.0000 0.0000 0.0010 0.0016 0.0070 
790.5 413.02 0.0003 0.0088 0.0030 0.0028 0.0158 
800.5 420.59 0.0005 0.0000 0.0000 0.0000 0.0007 0.0009 0.0056 
805.5 424.26 0.0000 0.0000 0.0000 0.0000 0.0000 0.0015 0.0057 
820.5 432.16 0.0019 0.0017 0.0768 0.0101 0.0452 0.1483 
826 435.06 0.0000 0.0000 0.0000 0.0000 0.0004 0.0009 0.0027 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


C8 Biomarker contents [in µg/g OC] of Core PS93/031-4.  
 
depth age IP25   HBI II HBI III brassicasterol dinosterol campesterol β-sitosterol 
[cm] [ka] [µg/g OC] [µg/g OC] [µg/g OC] [µg/g OC] [µg/g OC] [µg/g OC] [µg/g OC] 
    
10.5 11.05 0.0000 0.0000 0.0000 1.7765 0.8108 1.2568 3.5513 
20.5 20.52 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 1.6839 
30.5 23.97 0.0000 0.0000 0.0000 0.0000 0.2783 0.0000 1.9317 
40.5 27.42 0.0000 0.0000 0.0000 0.4873 0.3214 0.0000 2.2310 
50.5 30.88 0.0000 0.0000 0.0000 0.0000 0.0000 0.3523 1.1631 
60.5 33.42 0.0000 0.0000 0.0000 0.0000 0.0000 0.3107 1.4036 
70.5 35.16 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.8758 
80.5 36.90 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 1.1912 
90.5 38.64 0.0000 0.0000 0.0000 0.0000 0.0000 0.2604 0.9479 
100.5 40.38 0.0000 0.0000 0.0000 1.0034 0.5174 1.1855 2.6457 
110.5 42.12 0.0821 0.1439 0.1429 7.0418 0.7043 12.2392 6.7833 
120.5 43.85 0.1140 0.1657 0.1114 7.3470 0.7727 2.9943 7.0521 
130.5 45.59 0.1177 0.1591 0.0922 5.1705 0.5471 2.4396 5.3559 
140.5 47.33 0.0000 0.0268 0.0000 0.7759 0.2893 0.5472 1.6240 
150.5 49.07 0.1692 0.2059 0.0000 2.4153 1.5405 7.8339 4.8454 
160.5 51.04 0.0000 0.0000 0.0000 1.5945 0.6283 0.7811 2.3625 
170.5 53.43 0.0000 0.0000 0.0000 0.0000 0.0000 0.4256 1.9764 
180.5 55.83 0.0000 0.0000 0.0000 0.0000 0.0000 0.3083 1.1796 
190.5 58.22 0.0883 0.1570 0.1388 6.5601 0.8688 3.7231 7.0534 
200.5 60.61 0.1118 0.1826 0.1444 6.3513 1.0373 25.6735 7.3486 
205.5 61.81 0.0946 0.1667 0.1474 6.0463 0.8394 4.2165 5.7505 
249.5 72.34 0.1676 6.8443 3.4666 2.9536 15.6185 
262.5 76.49 0.0466 0.6145 0.0000 0.6321 2.0738 
270.5 79.13 0.7482 0.0000 0.0000 0.0000 0.0000 0.0000 1.8054 
275.5 80.78 0.2062 0.0000 0.0000 0.0000 0.0000 0.0000 2.1646 
280.5 82.42 0.3088 0.0000 0.0000 0.3749 0.3398 0.0000 2.4102 
285.5 84.07 0.0831 0.9824 0.0000 0.6143 2.9765 
289.5 85.39 0.0779 0.0000 0.1692 0.0000 0.9520 
300.5 89.02 0.0000 0.0000 0.0000 0.0000 1.0771 
310.5 92.31 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.9480 
315.5 93.96 0.0000 0.9454 0.0000 0.7955 2.9147 
320.5 95.61 0.0000 0.0495 0.0000 4.4543 0.9610 1.3317 3.2491 
330.5 98.91 0.0987 0.1961 0.1330 10.0983 1.4565 3.2048 7.8490 
340.5 102.20 0.1436 0.0908 10.7331 1.2884 5.5240 14.6539 
345.5 103.85 0.2337 0.3033 0.1167 7.9283 1.3744 4.3296 13.1786 
350.5 105.50 0.1876 0.2757 0.1126 7.1380 1.2177 3.5014 10.2283 
360.5 108.79 0.1864 0.2660 0.0752 7.2103 1.3561 4.1570 13.9692 
370.5 112.09 0.1305 0.2370 0.0915 4.8106 1.5149 3.4409 9.1408 
380.5 115.39 0.2631 11.8224 2.1282 7.0337 24.4934 
390.5 118.68 0.1176 0.0000 0.0000 0.0000 0.0000 0.0000 4.6010 
400.5 121.98 0.0541 0.0000 0.0000 0.0000 0.0000 0.0000 1.3836 
421.5 128.90 0.0136 0.9253 0.5697 1.3546 9.3117 
431.5 132.20 0.0591 0.0000 0.0000 0.6976 0.6966 0.4354 1.9679 
440.5 135.21 0.0628 0.0000 0.0000 0.5023 0.6353 0.3724 1.5972 
446.5 137.75 0.1033 0.0000 0.0000 0.0000 0.4020 0.3415 1.6023 
455.5 141.56 0.1281 0.0000 0.0000 0.0000 0.0000 0.0000 1.2767 
459.5 143.25 0.2064 0.0000 0.0000 0.0000 0.3173 0.2822 1.3014 
465.5 145.79 0.0986 2.0105 0.8085 0.9428 4.3598 
469.5 149.01 0.0000 0.0000 0.3067 0.7512 4.6039 
470.5 149.87 0.1586 0.0000 0.0000 0.0000 0.2048 0.2614 1.1545 
480.5 158.47 0.1569 0.0000 0.0000 0.0000 0.3334 0.4980 2.7255 
490.5 167.08 0.1401   
500.5 175.68 0.0711 0.0000 0.0000 0.6015 0.4138 0.4633 1.4240 
505.5 179.98 0.1074 0.0000 0.0000 0.5467 0.4187 0.3168 1.8679 
515.5 188.59 0.0823 0.0000 0.0000 0.5519 0.3085 0.0000 1.5295 
525.5 197.19 0.1970 1.5089 0.5317 1.0709 2.8705 
530.5 201.49 0.1317 0.0000 0.0000 0.0000 0.3079 0.2894 1.5592 
540.5 210.09 0.0725 0.0000 0.0000 0.0000 0.0000 0.5053 1.9984 
550.5 218.70 0.1110 0.0000 0.0000 0.0000 0.3185 0.3721 2.2354 
 
depth age IP25   HBI II HBI III brassicasterol Dinosterol campesterol β-sitosterol 
[cm] [ka] [µg/g OC] [µg/g OC] [µg/g OC] [µg/g OC] [µg/g OC] [µg/g OC] [µg/g OC] 
    
555.5 223.00 0.0749 0.0000 0.0000 0.3396 0.0000 0.4835 2.1717 
564.5 230.74 0.4041 0.1122 9.1329 1.8027 5.3683 20.3225 
572.5 237.63 0.0000 0.0000 0.0000 0.5322 0.3369 0.6167 4.0388 
580 244.08 0.0558 0.0591 0.0000 1.1326 0.5324 0.9770 4.6575 
590.5 253.11 0.2056 0.4302 0.1927 7.4023 1.4692 4.5675 15.1837 
595.5 257.41 0.3414 0.3976 0.0893 14.8927 1.9754 7.7340 28.2321 
600.5 261.72 0.2068 0.1999 7.1671 1.2415 3.9263 13.1136 
610.5 270.32 0.2538 0.1569 9.7019 1.1718 5.3628 19.5845 
618 276.77 0.3636 0.2007 8.1704 1.9746 4.5032 20.9287 
621.5 279.78 0.1585 0.0612 4.1056 1.4658 2.5078 10.6201 
630.5 287.53 0.0000 0.0000 0.0000 0.8251 0.3982 0.5426 2.0473 
640.5 296.13 0.1747 0.0000 0.0000 0.5138 0.0000 0.3591 1.7502 
645.5 300.39 0.3230 1.1998 0.7069 0.9850 5.1318 
650.5 304.33 0.1502 0.0000 0.0000 0.2863 0.1794 0.3576 1.2682 
660.5 312.20 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 1.5022 
670.5 320.07 0.1999 0.0000 0.0000 0.0000 0.0000 0.3033 1.2246 
675.5 324.01 0.0497 1.3688 0.5651 1.2699 7.7316 
680.5 327.95 0.0420 0.0000 0.0000 1.1199 0.8111 1.0946 3.4356 
690.5 335.82 0.2757 0.4850 0.2400 7.2593 1.2663 4.6607 15.4117 
695.5 339.76 0.3342 0.0750 12.7699 1.9551 7.3415 28.0072 
700.5 343.69 0.3069 0.5541 0.2420 10.5520 1.5287 6.7531 21.1687 
710.5 351.56 0.0398 0.0000 0.0000 0.6187 0.3598 0.6290 2.7041 
720.5 359.44 0.0000 2.9780 1.4553 2.0807 10.6276 
730.5 367.31 0.0571 0.0000 0.0000 0.4261 0.3617 0.6174 2.8867 
740.5 375.14 0.0365 0.0000 0.0000 0.8410 0.6027 0.8409 2.9156 
749.5 381.95 0.0784 0.0800 11.0076 2.6450 4.8132 12.0644 
760.5 390.29 0.1195 0.0000 0.0000 0.0000 0.0000 0.0000 2.0854 
770.5 397.86 0.0811 0.0000 0.0000 0.0000 0.0000 0.4318 2.2027 
775.5 401.65 0.0000 1.2995 0.7942 1.1037 4.7092 
780.5 405.44 0.0825 0.0000 0.0000 0.0000 0.3706 0.6221 2.6702 
790.5 413.02 0.0862 3.0375 1.0131 0.9638 5.4225 
800.5 420.59 0.1696 0.0000 0.0000 0.0000 0.2426 0.3432 2.0856 
805.5 424.26 0.0000 0.0000 0.0000 0.0000 0.0000 0.5688 2.1462 
820.5 432.16 0.2727 0.2441 11.0018 1.4441 6.4714 21.2365 
826 435.06 0.0000 0.0000 0.0000 0.0000 0.1731 0.4258 1.3109 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	
C9 Values of the PBIP25 and PIIIIP25 indices of Core PS93/031-4.  
 
depth age PBIP25 PIIIIP25 depth age PBIP25 PIIIIP25 
[cm] [ka]     [cm] [ka]     
      
10.5 11.05 0 1 564.5 230.74 0.623102368 0.740361205 
20.5 20.52 1 1 572.5 237.63 1 1 
30.5 23.97 1 1 580 244.51 1 1 
40.5 27.42 1 1 590.5 253.11 0.509274281 0.457922788 
50.5 30.88 1 1 595.5 257.41 0.461332311 0.751705223 
60.5 33.42 1 1 600.5 261.72 0.518755017 0.450248774 
70.5 35.16 1 1 610.5 270.32 0.494246831 0.561580176 
80.5 36.90 1 1 618 276.34 0.624453615 0.589226425 
90.5 38.64 1 1 621.5 279.78 0.590514265 0.672308382 
100.5 40.38 1 1 630.5 287.53 1 1 
110.5 42.12 0.303353747 0.31266382 640.5 296.13 0.927052279 1 
120.5 43.85 0.367082019 0.447740607 645.5 300.39 0.909561071   
130.5 45.59 0.459630897 0.502726482 650.5 304.33 0.951467589 1 
140.5 47.33 1 1 660.5 312.20 1 1 
150.5 49.07 0.723545794 1 670.5 320.07 1 1 
160.5 51.04 1 1 675.5 324.01 1   
170.5 53.43 1 1 680.5 327.95 1 1 
180.5 55.83 1 1 690.5 335.82 0.586642726 0.476414561 
190.5 58.22 0.334688678 0.335094042 695.5 339.76 0.494412531 0.779243605 
200.5 60.61 0.396784403 0.380129932 700.5 343.69 0.520785715 0.501020779 
205.5 61.81 0.368863863 0.336910486 7.105 351.56 1 1 
249.5 72.34 0.47772153   7.205 359.44 0   
262.5 76.49 1   7.305 367.31 1 1 
270.5 79.13 1 1 7.405 375.14 1 1 
275.5 80.78 1 1 7.495 381.95 1 0.437011123 
280.5 82.42 0.968530935 1 7.605 390.29 1 1 
285.5 84.07 0.759661476   7.705 397.86 1 1 
289.5 85.39 1 1 7.755 401.65 1   
300.5 89.02 1 1 7.805 405.44 1 1 
310.5 92.31 1 1 7.905 413.02 0.51454504   
315.5 93.96 1   8.005 420.59 1 1 
320.5 95.61 0 1 8.055 424.26 1 1 
330.5 98.91 0.267466044 0.370183643 8.205 432.16 0.480861269 0.469406533 
340.5 102.20 0.333363806 0.556046425 8.26 435.32 1 1 
345.5 103.85 0.524106123 0.613295363 
350.5 105.50 0.495479442 0.568802968 
360.5 108.79 0.491384379 0.662548326 
370.5 112.09 0.50346142 0.530585024 
380.5 115.39 0.454007148   
390.5 118.68 1 1 
400.5 121.98 1 1 
421.5 128.90 1   
431.5 132.20 1 1 
440.5 135.21 1 1 
446.5 137.75 1 1 
455.5 141.56 1 1 
459.5 143.25 1 1 
465.5 145.79 0.647028199   
469.5 149.01 1   
470.5 149.87 1 1 
480.5 158.47 1 1 
500.5 175.68 0.815370785 1 
505.5 179.98 0.88007407 1 
515.5 188.59 0.847847399 1 
525.5 197.19 0.829880242   
530.5 201.49 1 1 
540.5 210.09 1 1 
550.5 218.70 1 1 
555.5 223.00 0.891755333 1 
 	
C10 TOC and sterol contents of Core PS93/016-6.  
 
depth TOC brassicasterol dinosterol campesterol β-sitosterol 
[cm] [%] [µg/g Sed] [µg/g OC] [µg/g Sed] [µg/g OC] [µg/g Sed] [µg/g OC] [µg/g Sed] [µg/g OC] 
    
20 0.15 0.0057 4.0632 0.0000 0.0000 0.0033 2.3547 0.0191 13.5285 
30 0.45 0.0039 2.6656 0.0000 0.0000 0.0003 0.1833 0.0144 9.8115 
40 0.21 0.0131 5.2981 0.0000 0.0000 0.0173 6.8585 0.0937 35.8811 
50 0.17 0.0027 1.9681 0.0000 0.0000 0.0027 1.9610 0.0177 12.7083 
75 0.24 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0035 1.3390 
95 0.11 0.0153 6.1293 0.0039 1.3628 0.0201 7.9158 0.1059 38.2680 
110 0.14 0.0000 0.0000 0.0000 0.0000 0.0012 0.9069 0.0165 12.5041 
120 0.10 0.0149 5.9631 0.0000 0.0000 0.0196 7.7044 0.1035 37.7906 
140 0.10 0.0162 6.4618 0.0000 0.0000 0.0213 8.3387 0.1108 39.2227 
150 0.10 0.0000 0.0000 0.0000 0.0000 0.0053 5.4232 0.2049 209.7077 
165 0.13 0.0114 4.6331 0.0028 0.9983 0.0150 6.0127 0.0840 33.9716 
185 0.19 0.0157 6.2956 0.0000 0.0000 0.0207 8.1273 0.1083 38.7454 
205 0.31 0.0071 2.9706 0.0017 0.5933 0.0093 3.8982 0.0597 29.1979 
220 0.21 0.0136 5.4643 0.0034 1.2008 0.0178 7.0700 0.0962 36.3585 
235 0.19 0.0140 5.6306 0.0035 1.2413 0.0184 7.2815 0.0986 36.8359 
250 0.15 0.0168 5.5688 0.0050 1.6695 0.0207 6.8612 0.1116 37.0403 
265 0.37 0.0118 4.7993 0.0000 0.0000 0.0156 6.2242 0.0864 34.4490 
275 0.43 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0015 1.3123 
295 1.65 0.0062 2.6381 0.0015 0.5123 0.0081 3.4753 0.0548 28.2431 
305 1.32 0.0123 4.9656 0.0000 0.0000 0.0161 6.4356 0.0889 34.9264 
320 0.68 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0102 4.9371 
330 1.44 0.0074 2.9378 0.0000 0.0000 0.0123 4.8556 0.0641 25.3200 
345 0.84 0.0144 5.7968 0.0000 0.0000 0.0190 7.4929 0.1010 37.3132 
360 0.23 0.0000 0.0000 0.0000 0.0000 0.0001 0.0649 0.0099 7.1460 
380 0.17 0.0097 3.9681 0.0024 0.8363 0.0127 5.1669 0.0743 32.0621 
395 0.19 0.0127 5.1318 0.0000 0.0000 0.0167 6.6471 0.0913 35.4037 
410 0.16 0.0000 0.0000 0.0000 0.0000 0.0004 0.3067 0.0110 8.8833 
435 0.10 0.0105 4.3006 0.0000 0.0000 0.0138 5.5898 0.0791 33.0169 
455 0.16 0.0075 3.1369 0.0018 0.6338 0.0098 4.1097 0.0621 29.6753 
471 0.15 0.0110 4.4669 0.0027 0.9578 0.0144 5.8013 0.0816 33.4942 
480 0.28 0.0101 4.1344 0.0025 0.8768 0.0133 5.3784 0.0767 32.5395 
501 0.12 0.0000 0.0000 0.0000 0.0000 0.0010 0.9018 0.0127 11.5151 
515 0.14 0.0084 3.4694 0.0000 0.0000 0.0110 4.5326 0.0670 30.6300 
530 0.15 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0032 2.3089 
540 0.13 0.0088 3.6356 0.0000 0.0000 0.0115 4.7440 0.0694 31.1074 
550 0.14 0.0079 3.3031 0.0019 0.6743 0.0104 4.3211 0.0645 30.1526 
570 0.14 0.0066 2.8044 0.0016 0.5528 0.0087 3.6867 0.0572 28.7205 
575 0.16 0.0092 3.8019 0.0000 0.0000 0.0121 4.9555 0.0718 31.5847 
620 0.09 0.0038 2.3971 0.0000 0.0000 0.0048 3.0276 0.0285 17.8189 
680 0.18 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0170 11.0863 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	
C11 TOC and sterol contents of Core PS87/023-1.  
 
depth TOC brassicasterol dinosterol campesterol β-sitosterol 
[cm] [%] [µg/g Sed] [µg/g OC] [µg/g Sed] [µg/g OC] [µg/g Sed] [µg/g OC] [µg/g Sed] [µg/g OC] 
    
5 0.39 0.0000 0.0000 0.0002 0.0634 0.0069 1.7917 0.0344 8.9113 
23 0.26 0.0000 0.0000 0.0000 0.0000 0.0027 1.0112 0.0140 5.3026 
27 0.26 0.0000 0.0000 0.0000 0.0000 0.0001 0.0345 0.0046 1.8092 
49 0.27 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0001 0.0530 
51 0.31 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0019 0.6127 
79 0.20 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0013 0.6440 
103 0.19 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0029 1.4758 
119 0.12 0.0000 0.0000 0.0000 0.0000 0.0005 0.4410 0.0050 4.0600 
129 0.15 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0094 6.3564 
149 0.14 0.0000 0.0000 0.0001 0.0844 0.0010 0.7163 0.0095 6.5980 
171 0.15 0.0000 0.0000 0.0000 0.0212 0.0004 0.2542 0.0058 3.8751 
179 0.16 0.0000 0.0000 0.0000 0.0194 0.0050 3.0951 0.0266 16.4348 
191 0.15 0.0000 0.0162 0.0000 0.0000 0.0029 1.8934 0.0212 13.9871 
209 0.14 0.0000 0.0000 0.0003 0.1963 0.0003 0.2172 0.0210 15.1874 
229 0.14 0.0000 0.0000 0.0000 0.0000 0.0004 0.2748 0.0089 6.2511 
241 0.13 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0022 1.7033 
255 0.12 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0048 3.9756 
275 0.12 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0053 4.4487 
285 0.12 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0067 5.4034 
300 0.13 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0027 2.1218 
325 0.13 0.0000 0.0000 0.0000 0.0000 0.0000 0.0319 0.0028 2.2476 
350 0.09 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0048 5.1079 
410 0.09 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0022 2.4996 
435 0.12 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0014 1.1271 
 
 
 
C12 TOC and sterol contents of Core PS87/030-1.  
 
depth TOC brassicasterol dinosterol campesterol β-sitosterol 
[cm] [%] [µg/g Sed] [µg/g OC] [µg/g Sed] [µg/g OC] [µg/g Sed] [µg/g OC] [µg/g Sed] [µg/g OC] 
    
2.5 0.20 0.0022 1.0810 0.0000 0.0000 0.0016 0.0000 0.0147 7.3427 
7 0.10 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0016 1.5822 
16 0.16 0.0000 0.0000 0.0000 0.0000 0.0002 0.0000 0.0821 50.9886 
41 0.21 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0026 1.2731 
76 0.13 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0021 1.5698 
83 0.08 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0015 1.8600 
91 0.08 0.0000 0.0000 0.0000 0.0000 0.0002 0.0000 0.0101 12.5763 
141 0.07 0.0014 1.8938 0.0000 0.0000 0.0001 0.1819 0.0040 5.3592 
165 0.09 0.0000 0.0000 0.0000 0.0000 0.0012 0.0000 0.0223 24.0646 
190 0.11 0.0100 9.4902 0.0051 4.8876 0.0000 0.0000 0.0959 91.2572 
199 0.08 0.0014 1.8513 0.0000 0.0000 0.0000 0.0000 0.0061 7.8408 
206 0.08 0.0027 3.3937 0.0001 0.1626 0.0009 1.1167 0.0054 6.6882 
212 0.08 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
226 0.09 0.0020 2.2185 0.0000 0.0000 0.0007 0.7575 0.0098 10.6688 
238 0.08 0.0017 2.1715 0.0000 0.0000 0.0000 0.0000 0.0031 3.8311 
243 0.10 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0021 2.1240 
249 0.08 0.0001 0.1237 0.0000 0.0000 0.0000 0.0000 0.0089 11.3926 
 
 
 
 
 
 
 	
C13 TOC and sterol contents of Core PS87/070-1.  
 
depth TOC brassicasterol dinosterol campesterol β-sitosterol 
[cm] [%] [µg/g Sed] [µg/g OC] [µg/g Sed] [µg/g OC] [µg/g Sed] [µg/g OC] [µg/g Sed] [µg/g OC] 
    
21 0.32 0.0109 3.4119 0.0036 1.1244 0.0117 3.6746 0.0568 17.7970 
59 0.17 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0060 3.6048 
105 0.12 0.0000 0.0000 0.0000 0.0000 0.0002 0.1623 0.0078 6.6490 
155 0.16 0.0000 0.0000 0.0000 0.0000 0.0014 0.8530 0.0218 13.3697 
167 0.14 0.0029 2.0221 0.0000 0.0000 0.0023 1.6208 0.0133 9.2933 
220 0.12 0.0000 0.0000 0.0000 0.0099 8.6058 
250 0.13 0.0008 0.5744 0.0000 0.0000 0.0044 3.3848 0.0242 18.5425 
280 0.11 0.0000 0.0000 0.0000 0.0000 0.0004 0.3338 0.0107 10.1174 
300 0.09 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0096 10.4376 
350 0.10 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0059 5.6439 
400 0.12 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0174 14.9619 
425 0.13 0.0005 0.3489 0.0000 0.0000 0.0001 0.0754 0.0095 7.1872 
455 0.10 0.0000 0.0000 0.0000 0.0000 0.0001 0.1011 0.0073 7.1550 
465 0.12 0.0031 2.5697 0.0000 0.0000 0.0034 2.8291 0.0173 14.5267 
475 0.13 0.0000 0.0000 0.0000 0.0000 0.0001 0.0668 0.0110 8.7656 
500 0.17 0.0016 0.9504 0.0000 0.0000 0.0061 3.5452 0.0319 18.6729 
550 0.61 0.0564 9.1927 0.0513 8.3754 0.1351 22.0412 0.6708 109.4382 
600 0.15 0.0060 3.9072 0.0036 2.3432 0.0099 6.4506 0.0591 38.5812 
705 0.12 0.0007 0.5941 0.0000 0.0000 0.0043 3.5526 0.0280 23.0359 
750 0.13 0.0000 0.0000 0.0000 0.0000 0.0011 0.8835 0.0131 10.4419 
 
 
C14 TOC and sterol contents of Core PS87/079-1. 
 
depth TOC brassicasterol dinosterol campesterol β-sitosterol 
[cm] [%] [µg/g Sed] [µg/g OC] [µg/g Sed] [µg/g OC] [µg/g Sed] [µg/g OC] [µg/g Sed] [µg/g OC] 
    
150 0.26 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0035 1.3390 
170 0.21 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0102 4.9371 
190 0.11 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0015 1.3123 
220 0.14 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0032 2.3089 
245 0.14 0.0057 4.0632 0.0000 0.0000 0.0033 2.3547 0.0191 13.5285 
280 0.11 0.0000 0.0000 0.0000 0.0000 0.0010 0.9018 0.0127 11.5151 
312 0.10 0.0000 0.0000 0.0000 0.0000 0.0053 5.4232 0.2049 209.7077 
365 0.12 0.0000 0.0000 0.0000 0.0000 0.0004 0.3067 0.0110 8.8833 
410 0.14 0.0000 0.0000 0.0000 0.0000 0.0001 0.0649 0.0099 7.1460 
420 0.15 0.0039 2.6656 0.0000 0.0000 0.0003 0.1833 0.0144 9.8115 
440 0.14 0.0027 1.9681 0.0000 0.0000 0.0027 1.9610 0.0177 12.7083 
455 0.13 0.0000 0.0000 0.0000 0.0000 0.0012 0.9069 0.0165 12.5041 
490 0.25 0.0074 2.9378 0.0026 1.0194 0.0123 4.8556 0.0641 25.3200 
500 0.30 0.0168 5.5688 0.0050 1.6695 0.0207 6.8612 0.1116 37.0403 
525 0.15 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0170 11.0863 
545 0.16 0.0038 2.3971 0.0000 0.0000 0.0048 3.0276 0.0285 17.8189 
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